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Polymer foam cored sandwich structures are frequently exposed to elevated temperatures
in the range of 50 - 100C. Recent theoretical studies showed that elevated temperatures
may shift the behaviour of sandwich structures from linear and stable to nonlinear and
unstable. Although this prediction has not been experimentally validated, it has aroused
concerns on the performance of sandwich structures at elevated temperatures. Thereby,
a focused experimental study is required to conrm the thermomechanical interaction
eects.
The work described in this thesis provides experimental assessments on the thermo-
mechanical interaction eects in polymer foam cored sandwich structures. As a starting
point, a novel methodology is proposed to obtain the elastic properties of polymer foam
materials at elevated temperatures based on digital image correlation (DIC). The tensile,
compressive and shear properties were characterised at temperatures from room tem-
perature to 90C. It is identied that the thermal degradation of the elastic modulus of
polymer foams only depends on the base polymer, regardless of the deformation type
or foam density. A master curve is derived which shows the temperature dependence of
the Young's and shear moduli of Divinycell H100, H130 and H200 foam.
An experimental apparatus is constructed to allow sandwich beam specimens to be
subjected to a bending load as well as a well-dened temperature gradient through
the beam thickness. The bending deection, inhomogeneous core shear deformation
and the wavy deection of face sheet at the onset of localised buckling/wrinkling are
accurately characterised using DIC. High-speed imaging was also adopted to view the
rapid evolution of the wrinkles. It was found that, at elevated temperatures, the core
shear strain can be nonuniform through the core thickness and the failure mode can
shift to wrinkling instability.
Simple analytical models are also developed to predict the behaviour of sandwich
beams with transverse temperature gradients and consequently core stiness gradi-
ents. A modication of the classical sandwich beam theory is proposed to predict the
stress/strain state, load-defection response and failure mechanism with respect to the
core shear yielding and face sheet yielding/fracture. Another analytical model is devel-
oped to predict the critical wrinkling stress. Both of the two models agree well with the
experiments.
The work described in the thesis demonstrates that the stiness and load carry-
ing capability of polymer foam cored sandwich structures are deteriorated by elevated
temperatures. The deterioration can be condently predicted by the experimentally
validated analytical models introduced in the thesis. The study thereby provides a sig-
nicant step towards an improved understanding of thermomechanical interaction eects
in polymer foam cored sandwich structures.
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Introduction
1.1 Background
Sandwich structures start to be applied commercially from 1930s - 1940s in the aircraft
industry, motivated by exploring materials with high structural eciency for aircraft
fuselage and wing [1, 2]. The conguration was invented such that two sti, strong
face sheets were placed apart by a lightweight core, consequently the exure rigidity
and strength are greatly improved but with only a small addition of the total weight.
Since the invention, sandwich structures have been adopted across a range of industries
including the aerospace, maritime, transportation, wind turbine and civil engineering
structures [3]. In the early stage of implementation of sandwich structures, the dominant
core materials were aluminium honeycomb and balsa wood. The later development
of polymer foam materials has exerted an signicant impact on the expansion of the
application of sandwich structures due to the favourable properties of polymer foams
such as tailored density, easy machining, tough surface bonding, high thermal insulation
and good acoustic damping [2,4]. In the areas such as the maritime primary structures,
wind turbine blades and the secondary structures of aircraft, polymer foam core has
attempted to replace the traditional balsa wood and aluminium honeycomb to achieve
lighter and more cost eective constructions [5{7].
Sandwich constructions are frequently exposed to elevated temperatures caused by
solar radiation, hot weather, re, etc. Wind turbines, for example, are found operating
under a wide range of surface temperatures from -40C to 85C [8]. At the temper-
ature near 85C, the mechanical properties of the face sheet (e.g. GFRP, CFRP) are
marginally aected, but the polymer foam (e.g. PVC foam) could experience a signicant
degradation of the mechanical properties [9]. Consequently, the behaviour of sandwich
structures would suer from the stiness/strength reduction of the core. Thereby, the
thermomechanical interaction eect in polymer foam cored sandwich structures must be
well understood for achieving an integral design and application.
A very common elevated temperature condition of sandwich structures is that only
one face sheet is heated thus a temperature gradient exists through the thickness, e.g.
solar radiation on the outer surface. Consequently, due to the fact that the polymer
1foam generally conducts heat very poorly, a signicant through thickness thermal gradi-
ent is generated. In this case, the polymer foam core becomes not only weaker but also
has inhomogeneous mechanical properties in the through thickness direction. Hence,
the commonly used classical sandwich panel theory (as described in [1, 10, 11]) that
assumes homogeneous material properties in the through thickness direction becomes
inadequate to model the mechanical behaviour. Recently, several analytical models that
take account of the through thickness core stiness variation have been proposed, such
as a modication of rst-order shear deformation theory (FSDT) [12], a modication
of the third-order shear deformation theory (TSDT) [12], Fourier-Galerkin method [13],
high-order sandwich panel theory (HSAPT) [14{16], etc. All these analytical mod-
els provide approaches to establish the elastic response such as stress/strain state and
deection. Furthermore, Frostig and Thomsen [14] predicted that at certain elevated
temperatures the load-response of sandwich structures may shift from being linear and
stable to nonlinear and unstable due to the core material degradation. The instability
due to elevated temperatures was also predicted by Birman [17] using a modication of
Ho and Mautner's wrinkling analysis [18].
While the majority of the research has concentrated on the analytical modelling,
corresponding experimental investigations and validations are rarely reported. The ex-
perimental investigation is essential to evaluate the accuracy and applicability of the
analytical models shown in [12{14,17], and more importantly to determine proper ana-
lytical models to be used for relevant engineering analyses and designs with condence.
Furthermore, data on the mechanical properties of polymer foams at elevated tempera-
tures are also very limited, and they are currently not provided in most of the commercial
foam core material manufacturer's datasheet, e.g. [19{21]. Due to an incomplete under-
standing, the thermomechanical interaction behaviour of polymer foam cored sandwich
structures is not currently clearly specied in design codes but it may lead to a signi-
cant change in the failure mode of a structure (such as instability [14,17]) and possibly
unexpected catastrophic failures in service. Hence, it is extremely important to obtain
experimental data on the performance of sandwich structures under simultaneous me-
chanical and thermal loading to provide further understanding of this important category
of engineering materials.
The research is therefore concerned with experimental investigation of the ther-
momechanical interaction of polymer foam cored sandwich structures. As a starting
point, sandwich specimens in the form of a beam are investigated, but the experimental
methodology and results are expandable to plates, shells or other complex constructions.
Sandwich beam specimens are loaded by simultaneous and well-dened mechanical and
thermal loadings, while the deformation, failure mode and load carrying capability are
experimentally identied. A challenge arises from characterising the nonuniform de-
formation associated with the core shear [12] and instability [14]. This requires an
appropriate full-eld deformation measurement technique, and here the technique pro-
posed is digital image correlation (DIC [22]). DIC calculates the specimen displace-
2ments by tracking speckles with contrast intensity in specimen images captured during
deformation, and a full-eld assessment of the specimen displacement and strain can be
obtained. Another challenge arises from identifying the occurrence of instability (as pre-
dicted in [14,17]) as the short buckles rapidly induce material plastic deformations [23].
To address this, high-speed imaging that enables images to be collected at a very high
frequency is adopted to view the specimen buckles before any plastic deformations have
been induced.
1.2 Aims and objectives
The overarching aim of this work is to provide experimental observations on the me-
chanical behaviours of polymer foam cored sandwich structures at elevated temperatures,
particularly at a thermal condition that a temperature gradient exists through the core
thickness. Based on the experimental data, the aim is to propose and validate proper
analytical and nite element (FE) models to predict the load response including ther-
momechanical interactions. Because the mechanical properties of foam core materials at
elevated temperatures are still limited and a well accepted methodology to obtain these
properties does not exist, this project also focuses on establishing the temperature de-
pendence of polymer foams. To achieve the overarching aim, the objectives are dened
bellow:
1. Develop a repeatable and reliable experimental methodology to characterise the
thermal degradation of the elastic properties of polymer foams using DIC.
2. Assess the stress/strain state, load-deection response and failure mechanism of
sandwich beam specimens subjected to a bending load and a through thickness
temperature gradient.
3. Investigate the instability behaviour of polymer foam cored sandwich structures
at elevated temperatures.
4. Develop simple and accurate analytical models to predict the elastic deformation
and failure mechanism of sandwich beams at elevated temperatures.
The author's PhD project is a part of a larger research project "thermal degra-
dation of polymer foam cored sandwich structures" co-funded by the Danish Council
for Independent Research j Technology and Production Sciences (FTP) and the US
Navy, Oce of Naval Research (ONR). The large research project also includes two
other PhD projects by Krishna Teja Palleti and Siavash Talebi Taher at Aalborg univer-
sity in Denmark and another short project by Dr Richard K Fruehmann at University
of Southampton in United Kingdom. The overall objective of this large project is to
achieve a thorough and systematic understanding on the thermomechanical interaction
eects in polymer foam cored sandwich structures, including the nature of the tempera-
ture dependence of polymer foams, proper analytical modelling, accurate nite element
3(FE) modelling and essential experimental validations on sandwich structures exposed
to elevated temperatures. The interaction diagram between the four individual projects
is shown in Figure 1.1. Siavash Talebi Taher investigates the temperature dependence of
polymer foams including both the elastic and plastic behaviour using a modied Arcan
rig [24]. The study on the elastic behaviour of foams subjected to elevated tempera-
tures by Siavash Talebi Taher will be compared with the work described in the present
thesis to provide independent validity. Krishna Teja Palleti focuses on FE modelling
on the thermomechanical interaction eects in foam cored sandwich beams. The FE
work provides comparison with the HSAPT model [14] and experiments, and eventually
claries the requirements for accurate FE models on the thermomechanical interaction.
Dr Richard K Fruehmann designed the experimental apparatus where a sandwich beam
specimen is subjected to a mechanical bending load as well as a well dened temperature
gradient through the specimen thickness. In this PhD work, The author has designed
and conducted experiments to investigate the thermomechanical behaviour of sandwich
beams and also the temperature dependence of the elastic properties of polymer foams.
Figure 1.1: Interaction diagram between individual projects of the larger research project
"thermal degradation of polymer foam cored sandwich structures" co-funded by the
Danish Council for Independent Research j Technology and Production Sciences (FTP)
and the US Navy, Oce of Naval Research (ONR)
4Due the complexity of the HSAPT model, simpler analytical models are also developed
by the author. This is a highly interactive research collaboration trying to achieve a com-
prehensive understanding on the thermomechanical interaction eects in polymer foam
cored sandwich structures and accordingly to provide proper guidance to the relevant
engineering design and analysis.
1.3 Novelty
The temperature dependence of polymer foams has been addressed by several researchers
[9,25,26]. However, these researches mainly focused on the the foam compressive prop-
erties, but the temperature dependence of the shear and tensile property is rarely re-
ported. The work described in this thesis develops a new methodology to establish the
temperature dependence of elastic properties of polymer foams, including all the tensile,
compressive and shear properties. Parasitic eects associated with the loading intro-
duction and deformation measurement are carefully examined to achieve a reproducible
test procedure. It is found that the thermal degradation of the elastic modulus is only
dependent upon the base polymer but independent of the density or deformation type,
as detailed in Chapter 4. Thereby, only one master curve is needed to be experimentally
obtained for knowing the temperature dependence of the elastic properties of a series of
polymer foams with the same base polymer. This master curve provides a convenient
means to be used as inputs to analytical or FE models that study the behaviour of
sandwich structures at elevated temperatures.
To experimentally identify the localised buckling or wrinkling of sandwich structures
as predicted in [14, 17] is a signicant challenge as the wrinkles rapidly vanish into
material plastic deformation. In the present work, a novel technique is developed to
identify the face sheet wrinkling by using high-speed imaging and DIC (digital image
correlation). The high-speed imaging provides an insight into the rapid evolution of the
wrinkles and the DIC quanties the shape of the wrinkles. By applying this technique,
not only the critical wrinkling stress is obtained but also the amplitude and wavelength
of wrinkles can be experimentally assessed.
Although several analytical models have been developed to predict the thermome-
chanical interaction of polymer foam cored sandwich structures as described in the Sec-
tion 'Background', these models are found either requiring substantial computational
eort (such as [13,14]) or in a poor agreement with corresponding FE modelling (such
as [12]). There remain controversies on whether the core shear stress or strain should
be assumed uniform through the thickness if the core stiness is transversely inhomo-
geneous. There is also discussion on whether the decay of the amplitude of wrinkles
is closer to an exponential function or a linear function. In the present work, these
two controversies are claried by full-eld measurements of the deformation of sand-
wich beams, as detailed in Chapter 5 and 7. In addition, a modication of the classical
sandwich beam theory (CSBT) [1] is proposed to predict the stress/strain state, load-
5deection response and failure mechanism of sandwich beams subjected to a bending
load and a transverse temperature gradient. Another new analytical model is developed
to calculate the critical wrinkling stress of sandwich beams with transverse temperature
gradients. These two analytical models are simple to implement and also show a good
agreement with experiments. Therefore, they can be conveniently applied in relevant
engineering analyses and designs with condence.
1.4 Thesis structure
The thesis begins with a general overview on sandwich structures and current studies
on the thermomechanical interaction of polymer foam cored sandwich structures. The
concept, constituent materials, fundamental mechanics, failure mechanism and the ap-
plication of sandwich structures are reviewed to establish the research background and
signicance of this study. Current knowledge about the thermal degradation of polymer
foam materials and sandwich structures is summarised. It is shown that, till this project,
little experimental work on the thermal degradation of polymer foam cored sandwich
structures has been conducted.
Chapter 3 reviews several commonly used full-eld deformation techniques, among
which DIC is identied as the most suitable deformation measurement technique for this
study. The principles of DIC such as image capturing and calibration, image correlation
algorithm and practical considerations are reviewed. The LA Vision DIC system used
in this project is introduced, including the high-resolution camera, high-speed camera
and image correlation software.
Chapter 4 proposes a methodology to characterise the elastic properties of polymer
foam materials at elevated temperatures using DIC. The tensile, compressive, shear
moduli and Poisson's ratio are obtained in a temperature range from room temperature
to 90C. Parasitic eects associated with the loading xtures and elevated temperature
environments are carefully addressed. A master curve describing the temperature de-
pendence of the elastic moduli of Divinycell H100 foam is proposed to be utilised as
inputs in the studies on polymer foam cored sandwich structures in Chapter 5-7.
Chapter 5 investigates the deection of sandwich beams subjected to a simultaneous
bending load and a through thickness temperature gradient. A modication of CSBT
is proposed by taking account of the core stiness variation in the through thickness
direction due to the thermal degradation. This new analytical model agrees well with
corresponding FE modelling and experimental observations.
Chapter 6 introduces the experimental work attempting to provoke the localised
buckling (instability) of sandwich structures at elevated temperatures using the loading
conguration investigated by Frostig and Thomsen [14]. The typical three-point bending
conguration which contains a transverse concentrated load is found tending to induce
localised indentation rather than the predicted instability. The concentrated transverse
load could be distributed by a loading pad, but this additionally introduces diculties
6in achieving a uniform temperature across the area of interest (mid-span) on the spec-
imen. Alternatively, a four-point bending conguration is suggested to experimentally
investigate the thermally induced instability.
Chapter 7 describes the investigation of the wrinkling behaviour of sandwich struc-
tures by a four-point bending conguration. The face sheet wrinkling is successfully
observed for sandwich beam specimens heated at high temperatures using high-speed
imaging and DIC. A modication of Plantema's winkling analysis [10] is developed to
obtain the critical wrinkling stress and wrinkle wavelength of sandwich structures with
inhomogeneous core in the through thickness direction. This new analytical model shows
a good agreement with the experimental data.
Finally, the main outcomes of the work are provided along with the recommendations
of future work on this subject in Chapter 8 and 9.
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Polymer foam cored sandwich
structure
2.1 Sandwich structure concept
Sandwich structures are a special class of materials formed by attaching two thin but
sti face sheets to a lightweight but thick core as shown in Figure 2.1(a) [1]. The core
material normally has a low stiness and strength such as aluminium honeycomb, foam
or wood, but its higher thickness provides the sandwich structure with a superior bending
stiness and an overall low density, in much the same way as an I-beam (as shown in
Figure 2.1(b)). The structural eciency of the I-beam results from placing material
away from the central axis and thereby the second moment of cross section is increased.
In the I-beam, the ange carries normal stresses and the web resists transverse shear
and compressive stresses. In the sandwich structure, the face sheet and core replace
the ange and web of the I-beam, respectively. The only dierence is that, in sandwich
structures, the core and face sheets are dierent materials and hence need to be bonded
rmly with adhesives. While the I-beam is mostly used for a beam, sandwich structures
can also be ecient for panels, shells or other complex shape structures.
The most signicant advantage of sandwich structures is the very high stiness-
to-weight and strength-to-weight ratio [3]. In addition, sandwich structures can be
integratedly manufactured in large and complex shapes, which results in less logistics,
parts manufacturing and assembly work [27]. The commonly used composite face sheets
Figure 2.1: Schematic of sandwich structure and I-beam [1]
9provide long fatigue lives, good resistance from corrosion and a reduction of lifetime
maintenance [28]. Sandwich structures can also display exceptional thermal and acoustic
attenuation [25].
Due to the high stiness-to-weight and strength-to-weight ratio, sandwich structures
have exerted a huge impact in the aircraft industry. As early as the 1930s, plywood
sandwich constructions had been used in the mosquito night bombers in England, and
sandwich structures with breglass-reinforced polyester face sheets and balsa wood core
began to be used as the fuselage of aircraft in US [2]. In 1983, the application of
composites for large structures at AIRBUS had begun and the A310 became the rst
aircraft equipped with a composite sandwich rudder in the AIRBUS eet [27]. Since
then, more and more sandwich structures have been utilised in AIRBUS aircraft and
an example for sandwich structures used in the A380 is shown in Figure 2.2, where
many parts of the shell-shape and panel-shape sectors are made of sandwich structures.
While the primary structure components (e.g. fuselage and oor panels) mainly adopt
aluminium honeycomb cores, polymer foam cores have begun to be used as the secondary
structures such as the bulkhead and access panels. Boeing aircraft underwent a similar
development. In the Boeing 747, the fuselage shell, oor, side-panels, overhead bins and
ceiling are primarily made up of sandwich constructions [2].
Sandwich structures are also largely used in the marine, wind turbine, aerospace and
building industries. From the mid-1980s, polymer foam cored sandwich structure has
been established as one of main construction materials for hull, decks and other primary
marine structures [5]. Take the Visby class corvette for example as shown in Figure
2.3(a), the hull is constructed using sandwich structure with PVC foam core and CFRP
face sheet. Current wind turbine blades are mainly made of sandwich structures with
GFRP face sheets and balsa wood or polymer foam cores [4] as shown in Figure 2.3(b).
In the aerospace, the primary structures of small satellites are being shifted from metallic
structures to full composite sandwich structures such as FORCE, Mighstat and WIRE
satellites [29]; for satellite launch vehicles such as Delta 4, PMI foam cored sandwich
structures are used for the payload fairing and adaptor, centre body and other primary
structures. In the civil engineering industry, initial trials have been conducted to replace
concrete bridge decks by light composite sandwich structures in US and Europe [2]. In
a summary, sandwich structures have exerted a signicant inuence on the material
selection in the industries where a light weight is critical.
It is important to notice that sandwich structures are often used in applications which
are exposed to elevated temperatures. One of the primary heat sources is solar radiation.
In UK, a test was performed where a 12 m square plywood panel bonded with a layer of
50 mm thickness polystyrene was exposed to the natural solar irradiation [30]. The test
results showed that the temperature can reach as high as 70C; if the surface colour of the
specimen is black, the highest temperature can be over 80C. Although the specimen is
polystyrene, the heat absorption of normal composite face sheet with polyester or epoxy
matrix is similar as the polystyrene. Similar experiments conducted in Nanjing and
10Figure 2.2: Application of sandwich constructions in A380 [27]
Figure 2.3: Application of sandwich structures in: a) Visby class corvette, b) wind
turbine blades
Wuhan in southern China showed that the exterior surface of roofs can be over 60C in
summer [31]. Another experiment on automobiles was carried out in Switzerland from
January 1995 to March 2000 measuring temperatures in the passenger compartment of
automobiles of dierent sizes under varying weather conditions (sunshine, cloudy skies,
rain) [32]. Interior temperatures up to 89C were recorded in summer. For the wind
turbines, the highest ambient temperature around the surface of wind turbine blades
recorded by DATAFORTH is 85C [8]. These experiments clearly show that sandwich
components are very probably exposed to temperatures in the range of 50C - 90C.
Over this temperature range, sandwich structures and particularly those with polymer
foam cores may behave quite dierently from that at room temperature due to the
thermal degradation of the core and face sheet.
112.2 Constituent materials and manufacture
2.2.1 Face sheet and core
The face sheets in sandwich structures mainly carry the in-plane tensile and compressive
stresses, thus the face sheet materials must have a high enough tensile and compressive
stiness and strength. The mostly used face sheet materials are metals and polymer
composites. In the former group, aluminium alloy is the dominant material due to
its high strength, low weight and medium cost. Composites consist of two or more
materials, while the mechanical performance is superior to the constituent materials
acting independently [28]. Fibre reinforced plastics (FRP) are the mostly used polymer
composite materials in sandwich constructions. In comparison to metals, the advantages
of the composite are the low density, tailored anisotropy, high fatigue strength, tough
bonding with core materials, good durability in hostile environments and low life cycle
cost. Over a temperature range of 50 - 90C, the mechanical properties of the mostly
used face sheet materials, such as aluminium alloy, GFRP, CFRP, are found to be barely
aected [14,17,33].
The core in sandwich structures mainly carries the transverse shear stress and must
also be capable of withstanding through thickness compressive stresses to resist face
sheet indentation and instability [34]. Hence, the core material must be chosen with a
high enough shear and compressive stiness and strength. Meanwhile, the density should
be as low as possible to minimise the total weight of the sandwich structure. A good
adhesive performance between the core surface and the face sheet is also a key design
consideration [35]. The widely used core materials are cellular structural materials such
as balsa wood, aluminium honeycomb and polymer foam as shown in Figure 2.4. The
main characteristics of these three types of foam core materials are listed in Table 2.1.
Balsa wood was the rst used core material and still very popular sandwich core
material due to its easy manufacture and machining, low cost and tough surface bonding.
The cells of Balsa wood are in an approximate cylindrical shape with a typical length
of 0.5 - 1 mm and a diameter about 0.05 mm [1]. The density usually varies in a range
Figure 2.4: Common sandwich core materials: (a) balsa wood, (b) aluminium honey-
comb, (c) polymer foam
12Table 2.1: Typical core material properties [1,36]
Polymer foam Balsa wood Aluminium
honeycomb
Stiness/Strength Low or Medium Medium High
Stiness-to-weight Low or Medium Medium High
Machining Easy Easy Dicult
Adhesive Easy Easy Dicult
Thermal isolating Good Good Bad
Acoustic damping High Medium Low
Thermal stability Bad Medium Good
Cost High low High
of 100 - 300 kg/m3 but dicult to control precisely. The mechanical properties in the
cell length direction are much better than that in other directions, and thus in sandwich
constructions the transverse direction of a balsa wood core needs to be aligned with the
cell length direction, known as 'end grain balsa'.
Aluminium honeycomb is manufactured in a hexagon shape as shown in Figure
2.4(b). Aluminium honeycomb has high mechanical strength and stiness and the high-
est value of the stiness-to-weight and strength-to-weight ratio in all of the normally
used core materials, thus it is mostly used in the aircraft industry and other high-
performance areas [1]. The main limitations are the high cost, dicult surface bonding
and poor corrosion resistance.
Current polymer foams are manufactured in a wide range of densities from 30 to 500
kg/m3, which provide a exible density selection for the design of sandwich structures.
Due to its good features such as a wide range of density, easy machining, tough surface
bonding, good thermal isolating and acoustic damping, polymer foam core materials
have made a huge impact on the application and implementation of sandwich struc-
tures. In the areas such as the primary structures of marine sectors, wind turbine blades
and the secondary structures of aircraft, polymer foam core has been used to replace
the traditional balsa wood and honeycomb core to achieve lighter and more cost eec-
tive constructions [5{7]. However, the polymer foam is much more sensitive to elevated
temperatures than the balsa wood and aluminium honeycomb, and consequently poly-
mer foam cored sandwich structures may behave quite dierently across a wide range of
environmental temperatures.
2.2.2 Manufacture
As known from the name, sandwich structures are manufactured by bonding two face
sheets rmly on the core. The manufacturing can be conducted in one step by RIM (resin
infusion moulding) or prepreg lay-up (or wet lay-up, but due to its low repeatability and
high labour-sensitive it is not currently widely used any more); or alternatively in two
steps that the face sheet is rstly manufactured and then bonded on the core using
adhesives [37]. For bre reinforced composite face sheet like GFRP or CFRP, both of
13the two approaches can be used; but for metallic face sheet like aluminium alloy, only
the later approach can be adopted.
In the RIM approach (see Figure 2.5(a)), the bre layers are positioned in the mould
together with the core. Liquid resin (normally resin + harder) is lead into the mould
to impregnate the bre using a vacuum pump. To achieve the vacuum the mould is
encapsulated by a vacuum bag. A distribution mesh layer is used to make the resin ow
uniformly through the bre layers. After all the bres have been infused, the resin is
allowed to be cured at room temperature or high temperatures. During the resin curing
process, the uniform transverse pressure generated by the vacuum helps to minimise
air bubbles in the resin and hence ensures a low void content. Due to the no stringent
requirement for high temperature or external pressure, the RIM method is cost eective
and meanwhile allows manufacture of large, highly integrated structures like large wind
turbine blades or ship hulls. Therefore, this technique has established itself as the
standard for the marine and wind turbine industries [38]. However, the RIM technique
still potentially has resin- and void- rich areas and the bre-resin ratio is dicult to
be precisely controlled, thus sandwich structures supposed to be moderately loaded are
normally manufactured by this approach.
In the prepreg approach (see Figure 2.5(b)), the lay-up is similar as the RIM, except
that the bre has been impregnated by highly viscous or solid resin and hence no exter-
nal resin addition is needed. The curing of the resins in prepreg requires well controlled
high temperatures. A vacuum bag is also necessary to provide the consolidate pressure,
and in high performance applications autoclaves are used to introduce even higher con-
solidation pressure. As the bre-resin ratio is very precisely controlled and the resin also
tends to be better than the liquid resin for RIM, the prepreg manufacturing approach
Figure 2.5: Schematic of manufacturing of sandwich panels: a) resin infusion moulding,
b) prepreg lay-up
14provides composite sandwich components with the highest repeatability and best qual-
ity. The major limitations of prepreg are the high tooling cost and only applicable to
core materials that can sustain the high curing temperature and pressure.
The manufacture set-up of the adhesive bond approach is similar as the prepreg,
except the bre layer is cured composites or metallic plates and additional adhesive
layers are positioned between the core and face sheets. The adhesive is usually a layer of
liquid resin or highly vicious lm. The surface of the face sheet requires to be carefully
abraded and cleaned to achieve a tough bonding. For high-performance components,
a vacuum bag and autoclave are normally required to provide a uniform consolidation
pressure; for less demanding applications, only vacuum bag or even dead weights might
be sucient. To manufacture sandwich panels with metallic face sheets, the adhesive
bond approach is the only option.
2.3 Classical sandwich beam theory
In this section, the classical sandwich beam theory (CSBT) is introduced. The theory
given here is a brief introduction of what has been thoroughly described by Zenkert [1].
The CSBT assumes an Euler-Bernoulli bending of the face sheet and a rst order shear
deformation (FSDT) of the core. The sign convention is schematically depicted in Figure
2.6. For convenience, a symmetric sandwich beam, in which the top and bottom face
sheets have the same thickness and stiness, is considered here. Both the face sheets
and core materials are assumed isotropic. It is further assumed that the face sheet is
much thinner but much stier than the core, i.e. tf << tc and Ef >> Ec.
The exural rigidity, D, is derived as follows:
D =
Z
Ezdz = b(
Eft3
f
6
+
Ect3
c
6
+
Eftfd2
2
) (2.1)
where, d = tf +tc, which is the distance between the centroid lines of the two face sheets
as shown in Figure 2.6.
Figure 2.6: Schematic of a sandwich beam subjected to bending
15As tf << tc and Ef >> Ec, D can be simplied as:
D =
Eftfd2b
2
(2.2)
The normal stress, , and shear stress, , are written as follows:
(x;z) =
MxzE
D
(x;z) =
QxB(z)
D
(2.3)
where Mx is the bending moment, Qx is the shear force over the cross section, B(z) is
the rst moment of area.
By Equations 2.2 and 2.3, the normal stress and shear stress in the face sheets and
core f, c, f and c are derived as follows:
f(z) =
MxzEf
D
tc
2
< jzj <
tc
2
+ tf
c(z) =
MxzEc
D
jzj <
tc
2
(2.4)
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+ tf
c(z) =
Qx
D
[
Eftfd
2
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2
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t2
c
4
  z2)] jzj <
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2
As Ec  Ef and tf  tc, Equation 2.4 can be simplied as follows:
f(z) = 
Mx
tfD
tc
2
< jzj <
tc
2
+ tf
c(z) = 0 jzj <
tc
2
(2.5)
f(z) = 0
tc
2
< jzj <
tc
2
+ tf
c(z) =
Qx
bd
jzj <
tc
2
where it can be seen that the face sheets resist the longitudinal normal tensile or com-
pressive stresses, and the core carries a uniform transverse shear stress.
The overall deection, w, of sandwich beam consists of two parts: bending deection,
wb, due to the bending of the face sheets and shear deection, ws, due to the core shear,
which are derived as follows [1]:
16wb =
Z
Mx
D
dxdx
ws =
Z
(
Qx
S
+ C)dx (2.6)
w = wb + ws
where D is the exural rigidity as shown in Equation 2.2; S is the shear rigidity of
the core which is expressed as Gcd2
tc ; C is a constant that needs to be determined by
satisfying the boundary conditions.
2.4 Failure mechanisms
The major failure modes of sandwich structures subjected to a bending and transversely
shear load are the core shear yielding, face sheet yielding/fracture, indentation and face
sheet wrinkling (or localised buckling) as depicted in Figure 2.7 [39]. The critical failure
initiation load of each failure mode is briefed reviewed here and will be used for the
design of sandwich beam specimens in this work.
2.4.1 Core shear yielding
Core shear yielding occurs if the core transverse shear stress exceeds the core shear yield
strength denoted by cy here. As expressed in Equation 2.5, the core shear stress can be
approximately assumed to be uniform through the core thickness. Thereby, the shear
force (Qx) corresponding to the initiation of core shear yielding is written as:
Qx = cydb (2.7)
Figure 2.7: Typical failure modes of sandwich beams [39]
172.4.2 Face sheet yielding/fracture
Face sheet yielding/fracture occurs if the tensile or compressive stress is larger than the
yield or fracture strength of the face sheet, denoted by fy here. According to the CSBT,
the tensile or compressive stress through the face sheet thickness is approximately uni-
form and is calculated as Equation 2.5. Thus, the bending moment (Mx) corresponding
to the occurrence of face sheet yielding is obtained as:
Mx = fydtf (2.8)
2.4.3 Indentation
Indentation was thought to be mainly caused by the compressive yielding of the core
[40,41], although it is also possibly caused by an interaction between face sheet buckling
and core compressive yielding [42] or an interaction between the compressive and shear
deformation in the core [43]. Based on that the core is modelled as continuous distributed
linear tension/compression springs, Daniel et al. [41] derived the indentation initiation
load, P, as:
P = 1:7cybtf
3
s
Ef
Ec
(2.9)
where cy is the core compressive yield strength.
2.4.4 Face sheet wrinkling
Wrinkling (or localised buckling) may occur in the face sheet that carries the compressive
stress when sandwich structures are subjected to bending or in-plane compression. Once
wrinkling occurs, the face sheet buckles in short waves and the sandwich structure
cannot withstand further load. The compressive stress of the face sheet at the onset of
wrinkling is known as the critical wrinkling stress. Allen [11], Plantema [10] and Ho
and Mautner [18] used dierent approaches to dene the critical wrinkling stress. For
the case of an isotropic face sheet, where the core is much thicker than the face sheet,
an expression of the following form is derived:
cr = C
3 p
EfEcGc (2.10)
where cr is the critical wrinkling stress, Ef is Young's modulus of the face sheet, Ec
and Gc are the Young's modulus and shear modulus of the core, respectively. C is a
constant coecient which is obtained as 0.78 by Allen, 0.825 by Plantema and 0.91 by
Ho and Mautners. In Allen's dierential equation approach, one limitation is that the
core shear deformation due to the face sheet wrinkling is not considered. In Ho and
Mautner' and Plantema's approaches, both the normal and shear deformation of the
core resulted by face sheet wrinkling are considered, but Ho and Mautner [18] assume
a linear decay of the wrinkling amplitude toward the core and Plantema [10] assumes
18an exponential decay. The approximation of the exponential decay is considered to be
more realistic as conrmed by experimental observations in Chapter 7.
2.5 Polymer foam and its temperature dependence
2.5.1 Concept and mechanics
Polymer foam is made up of an interconnected network of polymer structures or plates
which form the edges and walls of cells. The polymer material that forms the cell edges
or walls is known as the base polymer. The micro-structure of polymer foam is usually
classied by open-cell and closed-cell as shown in Figure 2.8, where it can be seen that
the cell size is in a scale of millimetre. The closed-cell foam usually has a higher stiness
and strength in comparison to the open-cell foam, and is more utilised as the sandwich
core material. Normally, closed-cell foams with smaller pore scales have higher relative
densities (the ratio of foam density and the base polymer density) and better mechanical
performance [19].
A typical manufacturing procedure of polymer foams is shown in Figure 2.9. Raw
materials such as polyols, isocyanates and additives are rstly mixed in the mixing
head, where polymerisation occurs. Then the base polymer is dispensed to the foaming
bed and mixed with blowing agents which produce gases such as carbon dioxide, and
thereby polymer cells are formed and allowed to rise. The cell rising in the through
thickness direction and the in-plane direction could be dierent because of dierent rising
constraints, hence the mechanical properties of polymer foams can be anisotropic [44].
In this study, the through thickness direction of the foam sheet is dened as direction 1,
and the other two in-plane directions are dened as direction 2 and 3. The mechanical
properties in the directions 2 and 3 are usually identical because of the identical cell
rising process during manufacture.
The common commercial foam core materials are PUR, PVC, PET, and PMI foams.
PVC foam is the most widely used sandwich core material out of all the polymer
foams [1]. The application area includes marine structures, wind turbines, buildings,
Figure 2.8: Typical micro-structure of polymer foam materials: (a) closed-cell, (b) open-
cell
19Figure 2.9: Typical manufacture process of polymer foam material
Table 2.2: Properties of typical Divinycell PVC foams [19]
Property Nominal Compressive Compressive Tensile Tensile Shear Shear
Density Strength Modulus Strength Modulus Strength Modulus
Method ISO 845 ASTMD1621 ASTM D1621 ASTM D1623 ASTM D1623 ASTM C 273 ASTM C 273
Unit kg/m3 MPa MPa MPa MPa MPa MPa
H35 38 0.45 40 1 49 0.4 12
H60 60 0.9 70 1.8 75 0.76 20
H100 100 2 135 3.5 130 1.6 35
H130 130 3 170 4.8 175 2.2 50
H160 160 3.4 200 5.4 205 2.6 73
H200 200 4.8 240 7.1 250 3.5 85
H250 250 6.2 300 9.2 320 4.5 104
etc [2]. PVC foam is mainly closed-celled with a density ranging from 30 kg/m3 to 250
kg/m3. Mechanical properties of some typical Divinycell H series PVC foams manu-
factured by DIAB (Sweden) [19] are listed in Table 2.2, in which the data represents
the property in the through thickness direction (direction 1). It can be seen that foam
with higher density possesses a larger stiness and strength. It is also shown that the
measured tensile and compressive modulus are dierent by about 5%. From a physical
viewpoint, this cannot be correct. This dierence of modulus could be possibly due to
that the tensile and compressive tests were conducted by dierent loading xtures and
consequently dierent parasitic eects. The Poisson's ratio is not provided in Table 2.2
as it has not been well identied by the manufacturer. One main limitation of the PVC
foam is the low glass transition temperature (Tg) which is 80C [45], thereby at an even
moderately elevated temperature signicant degradation of the mechanical properties
may occur.
20A typical compressive behaviour of polymer foams is shown in Figure 2.10 [46]. The
stress-strain curve is obtained using a cubic specimen compressed by two sti steel plates,
in reference to the ASTM standard [47]. The stress-strain curve begins with a linear-
elastic (low stress) portion, in which the cell walls are subjected to elastic bending. The
linear portion is followed by a long collapse plateau, where plastic yielding of the cell
walls occurs and localised cell collapse is promoted. After the cells collapse to certain
extent such as that the opposite cell walls contact with each other, densication happens
where the stress rises up steeply. A typical tensile stress-strain curve has a similar linear-
elastic regime as the compressive one, but followed by a nonlinear region to fracture at
a low strain value [39] instead of a long plateau.
A typical foam shear stress-strain curve is shown in Figure 2.11 [39]. This is obtained
by a lap shear test as suggested in the ASTM standard [48]. Similarly to the compressive
behaviour, the stress-strain curve starts with a linear-elastic region and then followed by
a short plateau due to the yielding of cell walls. However, the plateau does not extend
to the cell densication but cell fracture occurred at the stress drop. The stress drop in
Figure 2.11 does not reect the actual stress-strain relationship of the foam specimen.
Figure 2.10: Compressive stress-strain curve for a elastic-plastic foam [46]
Figure 2.11: Shear stress-strain curve for Divinycell H30 and H100 [39]
21This is because that in this test arrangement once foam shear fracture occurs the load
carrying capability of the specimen is largely reduced, but the measured shear strain
is still increased as the strain is measured from the relative displacement of two steel
plates where the specimen was bonded between.
Gibson and Ashby [49] developed a geometrical model to study the determination
of the elastic properties of polymer foams. For the closed-cell foam, the relationship
between the elastic modulus of the foam and the Young's modulus of the base polymer
is derived as:
E=Ebp = C3  (=bp)3
G=Ebp = C4  (=bp)3 (2.11)
where the E and G are the Young's modulus and shear modulus of the polymer foam
respectively, Ebp is the Young's modulus of the base polymer.  and bp are the density
of the foam and the base polymer, respectively. C1;C2;C3;C4 are constants. Equation
2.11 shows that the elastic moduli of closed-cell polymer foam are proportional to the
Young's modulus of the base polymer, and are also dependent on the relative density
but with a third order power law relation.
2.5.2 Temperature dependence of polymer foam materials
Polymer materials are known to be sensitive to temperatures. A typical thermal degra-
dation of the stiness of thermoplastic polymers is shown in Figure 2.12. Here, Tg is
the glass transition temperature, at which the polymer transfers from a glass state to
a rubber state and the stiness decreases steeply. Tm is the melting temperature, at
which the polymer transfers from the rubber state to a liquid state, and the stiness is
nearly completely lost. For thermoset polymers, the thermal degradation is similar as
thermoplastic polymers in the glass and rubber region, but at very high temperatures
irreversible decomposition occurs rather than melting into liquids. As known from Equa-
tion 2.11 that the stiness of the polymer foam is proportional to the Young's modulus
of the base polymer, hence the temperature dependence of the stiness of polymer foams
should also follow a similar path as that shown in Figure 2.12. Meanwhile, for closed-cell
foams the cell uid pressure changes with the temperature, and this may also aect the
temperature dependence of the foam mechanical properties [25].
Gibson and Ashby [25] introduced a convenient approximation of the thermal degra-
dation of the Young's modulus of polymers at temperatures well below the glass transi-
tion temperature. The formulation is as follows:
Ebp = E0
bp  (1   
T
Tg
) (2.12)
where Ebp and E0
bp are the Young's modulus of the base polymer at temperature T and
22Figure 2.12: Typical thermal degradation of thermoplastic polymers
0 K respectively, and  is a constant and typically  =0.5  0.2. This model shows
that the Young's modulus of the base polymer degrades linearly with the increase of
temperatures when the temperature is well below Tg.
Thomas et al. [9] tested the compressive behaviour of three dierent cross-linked
PVC foams (R75, H130, R300 manufactured by DIAB) at elevated temperatures and
dierent strain rates. Their quasi-static compressive stress-strain curves of Divinycell
H130 at dierent temperatures is shown in Figure 2.13. The quasi-static compressive
test was conducted on cubic foam specimens inside a thermal chamber. In Figure 2.13,
it can be seen that both the compressive modulus and strength decrease with the in-
crease of temperature. The compressive strength was observed to reduce approximately
linearly with rising temperature up to 120C, but this is contradictory to that steeper
degradation should occur at temperatures higher than the glass transition temperature
80C. The thermal degradation path of the compressive modulus was not discussed in
details in [9], but from Figure 2.13 it is seen that the compressive modulus at 80C
is almost the same as that at 100C which could be problematic. In addition, the
strain hardening in the post yielding region is not observed in most of the similar re-
searches [24,25,39], thus the obtained strain hardening could be due to parasitic eects
in the tests. Hwang et al. [50] conducted compressive tests on a cubic polypropylene
foam (Sumiceller 3050150) specimens at temperatures from -60C to 100C with a strain
rate 210 3=s. The stress-strain curves obtained at dierent temperatures is shown in
Figure 2.14. The stiness and strength reduction as the increase of temperatures is also
seen. Particularly it can be seen that the compressive strains at the maximum stress of
the specimens tested at dierent temperatures are almost identical. This indicates that
the thermal degradation path of the stiness and strength may be similar. In the test
results, some aspects are also dubious such as that the stress-strain gradient after the
maximum stress for 213K is negative, but the gradient for 233K is positive and for the
other temperatures is nearly 0.
More similar reports on the temperature dependence of the compressive behaviour
of polymer foams are seen in [26,51,52]. A common conclusion is that the compressive
23Figure 2.13: Quasi-static compressive stress-strain curves of Divinycell H130 PVC foam
at dierent temperatures [9]
Figure 2.14: Compressive stress-strain curves of polypropylene foam with a various
temperature at strain-rate 2  10 3=s [50]
stiness/strength degrades with temperature linearly in a certain temperature region.
It can also be expected that this degradation should become steeper and nonlinear in
the temperature range near Tg. However, current studies are still away from a thorough
understanding on the thermal degradation of polymer foams. This is because:
1. So far, a reliable and repeatable methodology has not been clearly specied to
obtain the thermal degradation of polymer foams, and the current test results are
problematic at some aspects.
2. Is the thermal degradation of the shear modulus/strength similar as that of the
compressive one? This has not been experimentally investigated, but the thermal
degradation of the shear properties is also very important because the transverse
shear stress in sandwich structures is mainly carried by the core (see Equation
242.5).
Thereby, current studies on the thermal degradation of polymer foam core ma-
terials are still very limited. Actually, foam properties at elevated temperatures are
not provided in most of the commercial foam core material manufactures' data sheets,
e.g. [19{21]. Hence, to investigate the mechanical behaviour of sandwich structures at
elevated temperatures, the starting point of this project aims to propose a methodology
to characterise the temperature dependence of the mechanical properties of polymer
foams, including not only the compressive but also the tensile and shear properties.
2.6 Eect of elevated temperatures on sandwich structures
Last section shows that polymer foams may experience a signicant stiness/strength
reduction over the temperature range of 50 - 90C. Consequently this may deteriorate
the overall stiness and load carrying capability of sandwich structures with polymer
foam cores. Furthermore, the elevated temperature environments always include a tem-
perature gradient through the thickness of sandwich structures, i.e. the solar radiation
on only the outer surface of sandwich panels. In this case, the CSBT (as introduced
in Section 2.3) that assumes homogeneous core material properties does not predict the
mechanical behaviour adequately. Thereby, the CSBT needs to be further extended to
take account of the through thickness temperature gradient, or high-order deformation
kinematics should be adopted.
To simply predict the bending deection of sandwich beams with varying core sti-
ness in the through thickness direction, Apetre and Sankar [12] proposed a modication
of the rst-order shear deformation theory (FSDT). The derived exural rigidity (D)
and shear rigidity (S) are as follows:
D =
Z (ht+h=2 z0)
 (hb+h=2+z0)
E(z)z2dz
S =
Z (h=2 z0)
 (h=2+z0)
G(z)dz
(2.13)
where h, hb, ht are the core thickness, bottom face sheet thickness and top face sheet
thickness respectively. z0 is the position of the neutral plane. The main feature of
this analytical model is that the transverse shear strain is assumed constant through
the thickness of the beam regardless of the core shear stiness variation, thereby the
shear rigidity is the integration of G(z) over the cross section. However, the deection
predicted by this analytical model was found about 15% less than that obtained by the
FE modelling [12]. Furthermore, the FE modelling presented in [12] shows that the core
shear strain is highly nonuniform through the core thickness but the core shear stress is
approximately uniform.
Recently, Frostig and Thomsen [14{16,53,54] systematically analysed the bending,
25buckling and free vibration of sandwich beams subjected to simultaneous thermal and
mechanical loadings. Their studies are based on the HSAPT (high-order sandwich panel
theory), and its basic two assumptions are that the core height may change during
deformation and the cross section plane may not remain plane after deformation. Their
study on the bending behaviour of a sandwich beam with a transverse temperature
gradient is detailed in [14]. The investigated geometry, mechanical properties, load
introduction and temperature gradient in [14] are shown in Figure 2.15(a). Here, a
linear temperature gradient was dened through the core thickness and the temperature
at the bottom face sheet was 10C larger than that of the top face sheet. A transverse
load of 250 N was introduced at the mid-span of the top face sheet. Two dierent
boundary constraints were studied: 1) the sandwich beam is simply supported at the
lower edges of the bottom face sheet with movable supports (M) in the longitudinal
direction; 2) in addition to case 1, the end of the lower and upper face sheets were
immovable longitudinally (IM). Thus, the longitudinal thermal expansion is constrained
in the 'IM' boundary constraint, but not in the 'M' boundary constraint. The face sheet
of the sandwich beam is E-glass/epoxy composite and the core material is Divinycell
HD100 PVC foam manufactured by DIAB. The temperature dependence of the face sheet
and core material is shown in Figure 2.15(b). It is seen that the face sheet material is
nearly independent of temperature, but the moduli of the core decrease signicantly with
the increase of temperature from room temperature to 55C. The thermal degradation
curve used here was cited from the ocial website of DIAB by the author in paper
[14], however Divinycell HD100 is no longer manufactured by DIAB and this thermal
degradation curve cannot be accessed [19]. In addition, for the current foam productions
of DIAB such as Divinycell H series foam materials, no thermal degradation curve of
the material stiness or strength is provided on the datasheet.
The analytical results about the deection and the bending moment of the sandwich
beam is shown in Figure 2.16. In Figure 2.16, 'M' represents the simply supported
boundary condition (case 1), 'IM' represents the longitudinal immovable condition (case
2). From Figure 2.16(a), it can be seen that in both boundary constraints, a larger
deection occurs at higher temperatures, which is due to the loss of the core shear
stiness. In addition, for the situation that the temperature of the top face sheet is 50C,
signicant geometrical nonlinear or wavy deection occurs for the top face sheet near the
mid-span, and the bending moment on the top face sheet is also signicantly nonlinear.
This indicates that at 50C localised buckling occurs for the sandwich beam. Hence,
the failure mode of sandwich structure is shifted to instability at elevated temperatures.
However, the HSAPT model does not consider material plastic deformations of the face
sheet and core, but failures induced by the face sheet yielding or core crushing (see
Figure 2.7) may precede the predicted elastic instability.
Birman et al [17,55] also predicted that the face sheet wrinkling might be the dom-
inant failure mode of polymer foam cored sandwich structures at elevated temperatures
while it does not occur at room temperature. The loading conguration studied in [17]
26Figure 2.15: A sandwich beam subjected to a three-point bending load and a through
tickness temperature gradient. a) Geometry and mechanical properties, b) face and core
moduli vs. temperature [14]
Figure 2.16: Analytical results: a) deection, b) bending moment [14]
Figure 2.17: Schematic of sandwich beam subjected to a in-plane compression load and
a transverse temperature gradient [17]
27is shown in Figure 2.17. Here, the sandwich beam is subjected to a uniaxial in-plane
compressive load on the face sheets. The top face sheet is heated with a ux q, and
the bottom face sheet is exposed to temperature Tl, thereby a temperature gradient is
introduced in the through thickness direction. This consequently results a core sti-
ness variation in the through thickness direction. To take account of the core stiness
variation in the calculation of the critical wrinkling stress, Birman [17] developed a
modication of Ho and Manters wrinkling analysis. In addition, an equivalent stiness
accounting for the core stiness variation was proposed by Birman in [17] as:
Eeq;Geq =
1
tc
Z tc
0
Ec(z);Gc(z)z dz (2.14)
where Eeq and Geq represent the equivalent Young's and shear modulus of the core
respectively. z represents coordinate in the through thickness direction which origins
from the bottom interface of the core. The equivalent stiness, Eeq and Geq, is used to
replace Ec and Gc in Equation 2.10 to obtain the critical wrinkling stress. Equation 2.14
tells that the contribution of the core to resist face sheet wrinkling is proportional to the
distance to the non-wrinkling face sheet. This is a reasonable assumption but it may be
inaccurate as the decay depth of the wrinkling amplitude is not necessarily equal to the
core thickness. In addition, the validity of Equation 2.14 have not been proved either
by comparing with FE modelling or experiments.
In a summary, the inuence of elevated temperatures on the mechanical behaviour
of polymer foam cored sandwich structures has been considered, and several theoretical
models have been developed trying to quantify this inuence. A high-order deforma-
tion kinematics or an extension of the FSDT have been used to take account of a
through thickness temperature gradient thus a core stiness gradient. Particularly, it
has been predicted that there may be a change in the mechanical behaviour from linear
and stable to nonlinear and unstable when the stiness gradient in the core exceeds a
threshold value, which may lead to a signicant change in the failure mode of a structure
and possibly unexpected catastrophic failures in service. However, there remains some
unanswered questions regarding the current theoretical models, including:
1. In the modied FSDT [12], why is the prediction of the deection is signicantly
dierent from the FE prediction?
2. In the HSAPT [14], does the predicted instability still occur if the plastic defor-
mation of the face sheet and core are considered?
3. Is the modied Ho and Manters wrinkling and 'equivalent stiness' method [17]
capable of predicting the critical wrinkling stress accurately? As the core is inho-
mogeneous in the through thickness direction, a proper assumption on the decay
manner of the amplitude of wrinkling is very important as it can heavily aect the
distribution of the foam strain energy when wrinkling occurs. Thereby, could a
modied version of Plantema's wrinkling analysis be more accurate?
28It is also important to notice that the validity of the current theoretical models has
not been veried by a comparison with FE modelling (except the modied FSDT) and
particularly experiments.
2.7 Motivation for current work
In a summary, current studies on the thermomechanical interaction eects in polymer
foam cored sandwich structures are still in the infancy. The temperature dependence
of the compressive, shear and tensile properties of polymer foams has not been well
established. The current theoretical models have not been validated to provide con-
dence in predictions of the elastic deformation, failure mechanism and load carrying
capability. Thereby, although the thermomechanical interaction eects in polymer foam
cored sandwich structures has gained considerable attention in relevant industries, it is
still not clear how to implement the thermomechanical interaction eects into relevant
designs and analyses.
To achieve deeper and more comprehensive understanding on the eect of thermo-
mechanical interaction forms the fundamental motivation of this large project as shown
in Figure 1.1. The overall objective is to establish a sound prediction on the deforma-
tion and failure mechanism of sandwich structures exposed to elevated temperatures.
As part of the large project, the study described in the thesis focuses on the aspects
mainly associated with the experimental validations, including:
1. Establishing the temperature dependence of the elastic properties of polymer foam
materials.
2. Investigating the deformation of sandwich beams subjected to a bending load and
a simultaneous through thickness temperature gradient.
3. Investigating the instability of sandwich beams at elevated temperatures. This
includes developing an experimental method to observe the wrinkling behaviour.
To experimentally characterise the behaviour of the foam and sandwich beam speci-
mens at elevated temperatures, a key consideration is a proper deformation measurement
for the foam and sandwich beam specimens. For the deformation measurement of the
foam, the normally used extensometer or strain gauge may introduce complex coupling
with the specimen due to thermal expansion and softening of foam specimens at elevated
temperatures. Thereby, a non-contact deformation measurement technique is favoured.
A full-eld deformation measurement technique is also required to characterise nonuni-
form deformation associated with the core shear [12] and localised buckling [14,17]. In
next chapter, a suitable non-contact and full-eld deformation measurement technique
is to be selected for implementing the experimental investigations in this study.
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Identication of suitable
non-contact and full-eld
deformation measurement
approach
3.1 Introduction
As described in Chapter 2, a non-contact and full-eld deformation technique is favoured
to assess the deformation of polymer foam and sandwich beam specimens in this project.
In this chapter, the selection of a suitable deformation technique is introduced. A brief
review is conducted on several commonly used full-eld deformation measurement tech-
niques including digital speckle pattern interferometry (DSPI), holographic interferom-
etry, Moir e interferometry, digital image correlation (DIC) and grid method. Among
them, the DIC is considered to be the most appropriate technique for this study due
to the adequate accuracy and resolution, exible experimental set-up and convenient
surface preparation. DIC can also be conveniently combined with the recently devel-
oped high-speed cameras to identify high strain rate deformations. The fundamental
principles of DIC such as image capturing and calibration, image correlation algorithm
and practical considerations for an accurate deformation measurement are reviewed to
provide a detailed understanding of the approach so that accurate measurements can
be condently obtained. In the nal section, the DIC system used in this study is
introduced, including cameras and the image correlation software.
3.2 Non-contact and full-eld deformation measurement
techniques
Due to the improvement of high resolution digital cameras and advanced image process-
ing techniques, various non-contact and full-eld deformation measurement techniques
31based on optical theories have been proposed in last three decades [56]. These tech-
niques can be primarily categorized into two types: interferometric techniques such as
digital speckle pattern interferometry [57], holographic interferometry [58] and Moir e
interferometry [59]; and white light techniques primarily including DIC [60] and grid
method [61]. The principals and features of these techniques are discussed in this sec-
tion, with the aim to select a proper technique for the deformation measurement in this
study.
3.2.1 Interferometric techniques
Interferometric techniques measure specimen deformations from the phase dierence of
the scattered light wave from the specimen surface before and after deformation. A
monochromatic light source normally in the form of laser is required. One distinct
feature of interferometric techniques is the very high displacement precision which is in
the order of nm. Representative interferometric techniques are Digital Speckle Pattern
Interferometry [57], Holographic interferometry [62], Moir e interferometry [59], etc.
Digital Speckle Pattern Interferometry
Digital Speckle Pattern Interferometry (DSPI) is a technique to visualise displacements
of samples with optically rough surfaces. A typical DSPI experimental set-up is shown
in Figure 3.1. A coherent light source is divided into two beams by the beam splitter to
form a reference beam and an objective beam. The objective beam illuminates the rough
surface of the sample, and a random speckle pattern is formed due to the laser scattering
over the surface. The objective beam is reected from the sample and then interferes
with the reference beam thus forming interference fringes. These interference fringes are
then recorded by a CCD camera. Deformations of the sample result variations of the
fringes due to the change of the phase dierence between the objective and reference
beam. From the phase dierence and the wave length of the light beam, corresponding
Figure 3.1: Typical optical set-up of DSPI
32sample deformations can be derived. Both the out-of-plane and in-plane deformation of
the sample can be obtained by DSPI. The advantage of DSPI is the very high displace-
ment measurement precision, which is usually from 10 m to 10 nm [57]. Holographic
interferometry works in a similar way as DSPI, but it provides even a higher resolution
and requires a more complex experimental operation and fringe processing [62].
Moir e interferometry:
Moir e interferometry is an in-plane deformation measurement technique using the Moir e
eect by the superposition of two grating patterns. A typical conguration of the Moir e
interferometry is shown in Figure 3.2 [59]. A grating pattern needs to be prepared on
the specimen surface, usually by the replication from a mould. The grating pattern
deforms following the deformation of the specimen. Another grating pattern, i.e. the
reference grating, is formed by two monochromatic laser beams but with  and  
incidence angles. The specimen grating and the reference grating interact to form Moir e
fringes. In-plane displacements can be obtained from the phase change of the fringes.
The displacement precision is dependent on the resolution of the grating. For example,
a 4800 lines/mm grating provides a displacement precision around 0.1 m. Strain can
be derived by interpolating the displacement curve in the deformation measurement.
The two main limitations of Moir e interferometry are the only in-plane deformation
measurement and the requirement for a at specimen surface for grating.
3.2.2 White light techniques
White light techniques measure the deformation by comparing the image intensity of
specimen images before and after deformation [63]. The displacement resolution is gen-
erally lower than the interferometric techniques, but the experimental set-up is much
more convenient. White light techniques do not need monochromatic light sources such
as the laser, thus the cost of this approach is also much lower. As the development of high
Figure 3.2: Typical optical set-up of Moir e interferometry [59]
33resolution optical cameras together with advanced image processing techniques, white
light techniques have been extensively investigated and signicantly improved. Cur-
rently, the displacement measurement accuracy of the white light techniques can reach
0.01 pixel [64]. In the case of a camera with a magnication factor of 10 pixel/mm,
the displacement accuracy can reach 1 m, indicating a fairly high accuracy. The two
mostly used white light techniques, DIC and grid method, are introduced here.
DIC
DIC calculates the displacements by tracking speckles on a test specimen surface before
and after deformation. It was rstly developed and applied in experimental mechanics
in mid-1980s [60,65,66]. A typical experimental set-up of DIC is shown in Figure 3.3,
which is constituted by the measurement objective or test specimen, illumination lights,
optical cameras and computer. Typically, the specimen surface is sprayed with lots of
contrasting features (known as speckles) which can be tracked. Light illumination is
used to produce sucient image contrast between speckles. The images of the specimen
before and after deformation are recorded by the digital cameras, and image correlation
Figure 3.3: Typical optical set-up of DIC. (a)2D-DIC, (b)3D-DIC
34algorithms are used to extract full-eld displacement and strain from these images. The
DIC technique is normally categorised by 2D-DIC and 3D-DIC as shown in Figure 3.3.
In the 2D-DIC, specimen images are recorded by one camera and only the in-plane
deformation can be assessed. In the 3D-DIC, two cameras were used to identify the 3D
position of the specimen thus both the in-plane and out-of-plane deformation can be
obtained.
Grid method
Grid method is based upon the use of periodical patterns of contrasted intensity lines
to characterise the surface deformation [61,67]. Contrasted intensity lines are normally
made by printing horizontal and vertical black (or white) lines over a white (or black)
surface lm, forming a grid lm. The grid lm is bonded on the specimen surface to
allow it deform following the specimen. The experimental set-up of the grid method is
similar to that of 2D-DIC as shown in Figure 3.3(a), except that the speckle is replaced
by a grid lm. A full-eld displacement is computed from the grid phase modulation,
and strain is derived from the grid frequency modulation or the spatial derivative of
the displacements. The displacement/strain precision is similar as the DIC. However, as
the grid lm needs to be rmly bonded on the specimen surface to follow the specimen
deformation, it is rarely adopted to measure the deformation of soft materials such as
polymer foams.
A comparison between these non-contact and full-eld deformation measurement
techniques is listed in Table 3.1, with respect to the displacement precision, experimen-
tal set-up and surface preparation. The interferometric techniques have an excellent
displacement precision up to 10 nm. However, the interferometric techniques require
expensive laser light sources. The stringent stability requirement of the optical set-up
also limits the applicability to many situations. Furthermore, the displacement of the
specimen between each load step should be very small, usually in the order of m. This
makes it very rarely used in the measurement of large deformations in the order of 1
mm. White light techniques have a poorer displacement precision in comparison to the
interferometric techniques, but the displacement precision can still reach 1 m. Besides,
the experimental set-up is much more convenient than the interferometric techniques,
and the deformation amount between each load step is not practically limited.
Table 3.1: A comparison of dierent deformation measurement techniques
displacement preci-
sion
experimental set-up surface preparation
EPSI 10 nm complex, expensive rough surface
Moir e interferom-
etry
0.1 m complex, expensive grating
Grid method 1 m convenient, cheap bonding grid lm
DIC 1 m convenient, cheap spayed white-black
particle
35As has been introduced in Chapter 2, this study focuses on the characterisation of
foam deformation (tension, compression and shear) and bending behaviour of sandwich
beams. The deformations of the foam and sandwich specimens are in an order of 1 mm.
This large deformation makes the interferometric techniques extremely time consuming
due to the very small deformation allowance between each load step. Therefore, the
white light technique is more appropriate for this study, and the displacement precision
of white light techniques is adequate to characterise the specimen deformation in an
order of 1 mm. Comparing the grid method to DIC, the adhesive layer of the grid lm
introduces signicant surface stiening for soft polymer foams thus results constraints
of the specimen deformation. On the contrary, the speckle pattern used in DIC is con-
stituted of discontinuous white and black particles which introduces negligible inuence
to the specimen deformation. Therefore, DIC is considered to be the most suitable
technique for the specimen deformation measurement in this study.
3.2.3 Applications of DIC on foam and sandwich structures
Recently, DIC has been used to characterise the deformation of polymer foam specimens.
Jin et al. [68] used 3D-DIC to investigate the heterogeneous surface deformation of a
rigid closed-cell polyurethane foam. The specimen was loaded in compression between
two steel plates in reference to the ASTM standard [47]. The strain precision over
an area of 1 mm2 was shown to be greater than 0.07%. This strain precision was
obtained by conducting image correlation on images with known rigid body motion. For
a comparison, corresponding linear-elastic FE analysis was performed using 3D 8-node
brick elements. Compressive strains derived using DIC and FE analysis are depicted
in Figure 3.4. It is seen that the compressive strain over the specimen is nonuniform
and this nonuniformity agrees well with the FE result. The nonuniform strain may be
caused by the lateral displacement constraints of the specimen at the top and bottom
surfaces, and it can be seen that the x-direction strain near the top and bottom surfaces
of the foam specimen is much smaller than that in the central region.
Battley and Burman [69] applied DIC to evaluate the shear deformation of polymer
foam materials with the lap shear xture and four-point bending xture recommended
by ASTM standards [48,70]. It was found that the shear strain distribution after foam
yielding is largely dierent to that assumed by the testing standards. The foam shear
strain distribution before yielding and post yielding for the lap shear test is shown in
Figure 3.5. In the elastic-shear regime, the shear strain over the specimen is quite
uniform; however, in the post yield regime, larger shear strain was observed in the
specimen middle region due to localised cell collapse. It was also observed that signicant
compressive strain and volumetric changes were generated after foam yielding. Similar
nonuniform shear deformation after yielding is also observed for the four-point bending
conguration [69].
DIC has been also demonstrated a useful tool to investigate the crack growth of
foam materials [71]. As the deformation of the foam region near the crack is highly
36Figure 3.4: Compression of strain derived by: a) DIC, b) FE analysis [68]
Figure 3.5: Shear strain distribution of a lap-shear specimen before yielding and after
yielding [69]
Figure 3.6: Full-eld displacement and strain distribution around the foam crack [71]
37inhomogeneous, it makes it very dicult to assess the deformation using a global mea-
surement approach. However, it is shown that this inhomogeneous deformation can be
well characterised using DIC. The obtained full-eld displacement and strain using DIC
in [71] are shown in Figure 3.6, including a raw image, y direction displacement (v) and
y direction normal strain (yy). The displacement eld agrees well with the expectation
that large and symmetrical y direction displacement/strain occurs in the crack region.
DIC has also been used to characterise the mechanical behaviour of sandwich struc-
tures. Crump et al. [72] applied 3D-DIC to obtain strain maps of composite sandwich
panels under a distributed pressure load. It was concluded that strains in the order
of 0.1% can be determined using DIC. Puri et al. [73] used DIC to identify the failure
process of the sandwich sections in wind turbine blades. It was found that the face-sheet
fracture, indentation and core shear failure could be detected using DIC, and the failure
location can be accurately located from the obtained strain map.
These recent studies have demonstrated that DIC possesses a great potential to
assess the compression, shear, fracture deformations of foams and exure and failure be-
haviours of sandwich structures. It is particularly useful to characterise the nonuniform
deformations of the specimens with an adequate displacement/stain accuracy. Further-
more, DIC was also demonstrated a useful approach to investigate the impact behaviour
of materials by a combination with high-speed cameras [74]. This would be useful to
identify the rapid evolution of the localised buckling of sandwich structures. This re-
conrms that DIC is capable of performing the necessary deformation measurements for
this study.
3.3 Digital image and correlation
3.3.1 Image capturing and calibration
In 2D-DIC, images are captured by one camera as shown in Figure 3.3(a). The sensor
array of the camera is required to be parallel to the specimen surface for an homogeneous
projection. The projection of the object is schematically illustrated in Figure 3.7. Two
coordinate systems, x y and x y, are dened for the objective plane and the camera
sensor plane, respectively. The x   y coordinate is continuous with a unit of mm, while
the x y coordinate is discrete with a unit of pixel. The distance between the objective
plane and the lens is denoted by l1, while l2 is the distance between the camera sensor
plane and the lens mid-plane. To ensure the objective plane is clearly focused, l1 and l2
should obey the formulation as:
1
l1
+
1
l2
=
1
f
(3.1)
where f is the focal length of the lens. If the camera aperture size is small enough, it
is reasonable to assume that the image projection obeys the pinhole camera model [22].
Thus, the mathematical relationship between the point M(x;y) in the objective plane
38and its projection M(x;y) is:
x =  x
l2
l1
Q
y =  y
l2
l1
Q (3.2)
where Q is the discretion coecient of the camera sensor array, which represents the
pixel number across 1 mm. The parameter l2
l1Q is the magnication factor of the imaging
system, which needs to be obtained before collecting images, known as the camera system
calibration. If assuming that the image projection is uniform across a small region of
interest, the calibration can be performed by the comparison of an object with a known
length and the corresponding number of pixels of its projection on the image.
In the 3D-DIC, images are captured by two cameras with dierent viewing angles
as shown in Figure 3.3(b). The projection of the object is schematically illustrated in
Figure 3.8. Three coordinate systems, x   y   z, x1   y1, x2   y2 are dened for the
objective surface, the camera 1 sensor plane and the camera 2 sensor plane, respectively.
M1(x1;y1) and M2(x2;y2) are the projection points of the objective point M(x;y;z). A
thorough description of the transformation relating the objective 3D coordinates to the
two 2D camera coordinates is introduced in [75] based on the pinhole camera model,
where the transform formulation is expressed as:
[xi;yi;1]T = Q3x3[R3x3T3x1][x;y;z;1]T (3.3)
where i equals 1 or 2, representing the two camera coordinates, Q is the magnication
matrix similar as the magnication factor in the 2D-DIC, R is the rotation matrix of the
camera sensor coordinate relative to the objective coordinate, and T is the translation
vector of the camera sensor coordinate relative to the objective coordinate. Q is known as
the intrinsic parameter, including the discretion coecient of the sensor array, distance
between the sensor array and the lens; R and T are the extrinsic parameters, including
all the parameters describing the relative position between the object coordinate and
the sensor array coordinates.
3.3.2 Digital image correlation algorithm
Digital image correlation calculates deformations by tracking the speckles between dif-
ferent images of the specimen as it deforms. For simplicity, here the image correlation
algorithm is introduced by the 2D-DIC deformation measurement, and that of the 3D-
DIC is the same except that the out-of-plane motion is considered. The image captured
before deformation is named the 'reference image', and the image collected after defor-
mation is named the 'deformed image'.
As only one pixel cannot be distinguished, the image correlation is performed by
tracking a group of pixels. This group of pixels is named a subset (or a facet). A set
of typical square shape subsets are shown in Figure 3.9. Image correlation is conducted
39Figure 3.7: Schematic illustration of 2D image projection
Figure 3.8: Schematic illustration of 3D image projection
40by tracking these subsets, then provides the displacements of the central point of each
subset (see the red vectors in Figure 3.9). Thereby, a larger subset includes more pixels
and consequently more well dened, but the spatial resolution of the displacements is
poorer.
Figure 3.9: Subsets and full-eld displacement
The image correlation algorithm to derive the deformation of one subset is schemat-
ically illustrated in Figure 3.10 [63]. A square subset with a size of 2N+1  2N+1 pixel
(N is an integral number) is used here, and P is the central point of the subset. The
intensity or greyscale of a pixel in the reference image is dened as f(x;y), and that in
the deformed image is dened as g(x;y). As the image deforms, point P in the reference
image moves to P0 in the deformed image. Provided small deformation occurs between
the reference and deformed images, another point, Q, close to P in the reference image,
is mapped to Q0 in the deformed image. The mapping is dened as follows:
x0
i = xi + (x;y)
y0
i = yi + (x;y) (3.4)
where (x;y) and (x;y) are the shape functions [76].
The commonly used shape functions are the zero-order ( i.e. pure translation)
(x;y) = u
(x;y) = v (3.5)
and the rst-order shape function
(x;y) = u +
@u
@x
dx +
@u
@y
dy
(x;y) = v +
@v
@x
dx +
@v
@y
dy (3.6)
where u is the x direction displacement of point P, v is the y direction displacement of
point P, and @u=@x, @u=@y, @v=@x and @v=@y are the rst-order displacement gradients.
It can be seen that the zero-order shape function considers no shape deformation of the
41Figure 3.10: Schematic of image correlation [63]
subset, and the rst-order shape function assumes the deformation inside a subset is
linear. If more complex deformation occurs inside a subset, a second-order or high-
order shape functions should be used [76], but image correlation with high-order shape
functions consumes much more computing time than that with the rst-order shape
function.
To evaluate the degree of similarity between the speckles in the reference subset and
the deformed subset, a correlation criterion needs to be dened. Two commonly used
correlation criteria are the CC (Cross Correlation) criteria and SSD (Sum of Squared
Dierence) criteria, expressed as follows:
CCC =
N X
i= N
N X
j= N
[f(xi;yi)  g(x0
i;y0
i)]
CSSD =
N X
i= N
N X
j= N
[f(xi;yi)   g(x0
i;y0
i)]2 (3.7)
By searching (x;y) and (x;y) that maximises CCC or minimises CSSD, the dis-
placement (u;v) of point P can be obtained. The searching approach can be implemented
in both the spatial domain and the frequency domain. In the spatial domain, the target
point P0 is searched pixel by pixel in a predened area. In the frequency domain, the
spatial frequency spectrum of the reference image and deformed image are calculated
by 2D fast Fourier transform (FFT) rstly, and a second step FFT is used to estimate
the similarity of the two frequency spectrum [77]. The displacement precision obtained
using these approaches is 1 pixel.
To obtain sub-pixel displacement accuracy, sub-pixel intensity interpolations should
be adopted. The commonly used interpolation methods include the linear interpola-
tion, cubic interpolation, cubic B-spline interpolation and quantic B-spline interpolation,
where the cubic and cubic B-spline interpolation are highly recommended [64]. With
the sub-pixel interpolation, the displacement with a precision less than 1 pixel can be
obtained by algorithms such as coarse-ne searching [78], peak-nding [77], Newton-
42Figure 3.11: Schematic of strain calculation from the spatial derivative of displacements
Rapson (NR) iteration [79], etc. The precision of the calculated displacement can reach
0.01 - 0.05 pixel by using these sub-pixel algorithms.
Strain can be directly obtained if the rst or higher order shape function is utilised
to perform the image correlation. By this approach, strains are expressed as:
x =
@u
@x
y =
@v
@y
xy =
@u
@y
+
@v
@x
(3.8)
where x is the x direction normal strain, y is the y direction normal strain, xy is the
shear strain in x   y plane. However, the strain precision derived by this approach is
approximately 1% [79], which is quite poor.
Alternatively, strain can be calculated by the spatial dierentiation of the displace-
ments. Taking Figure 3.11 as example, strain of point A can be obtained from the
displacements of the adjacent points B, C, D and E as follows:
x =
uC   uB
2dx
y =
vD   vE
2dy
xy =
vC   vB
2dx
+
uD   uE
2dy
(3.9)
The strain precision obtained in this approach is the displacement precision divided by
dx or dy. For example, if the displacement precision is 0.01 pixel and dx equals to
64 pixel, the strain precision of x is 0:16%. Hence, a larger subset size introduces a
more precise strain value. However, a larger subset results a poorer spatial resolution of
the displacement/strain and may also contain signicant high-order deformations which
requires image correlation using high-order shape functions.
433.3.3 Practical considerations for accurate deformation measurement
Speckle pattern
An ideal speckle pattern is composed of speckles with similar sizes and even distribution.
A proper speckle size is dependent on the complexity of the deformation. For a region
with high-order strain gradients such as that with stress concentration, small speckle
size is required to achieve a high spatial resolution. For a region with pure translation
or rst-order shape deformations, larger speckles are allowed.
Intensity contrast is another import factor which aects the displacement/strain
measurement. It can be expected that speckles with higher intensity contrast provide
more precise deformation measurement. Recently, Wang et al. [80] proposed a math-
ematical formula to evaluate the inuence of the speckle quality on the displacement
measurement precision, with a formula developed as:
V ar(u) =
V ar()
E()
(3.10)
where V ar(u) is the variance of displacement measured using DIC, V ar() is the variance
of intensity noise and E() is the sum of the square of the intensity dierences between
two adjacent pixels in the subset. Equation 3.10 shows that the variance of the derived
displacement is inversely proportional to the speckle contrast. To achieve a high contrast
between the speckles, proper light can be used to illuminate specimen surfaces.
Intensity noise
As can be seen from Equation 3.10, the variance of the displacement derived using DIC
is proportional to the variance of the image intensity noise. A practical way to evaluate
the image intensity noise is to capture several images of a motionless object and then
calculate the variance of the intensity of certain pixels. An eective way is to lower the
inuence of the intensity noise on the displacement measurement precision is to increase
the speckle contrast as can be known from Equation 3.10.
Subset and overlap
The image correlation is performed in subsets as shown in Figure 3.8. A suitable sub-
set size should be large enough containing certain amount of pixels to distinguish itself.
However, a too large subset probably includes high-order deformations and consequently
the commonly used zero-order or rst-order shape function will introduce systematic
errors [76]. Moreover, image correlation with larger size of subsets consumes more com-
puting time and reduces the spatial resolution of the displacement. As shown in Figure
3.12 (a) and (b), the image correlation by the 64  64 pixel subset provides a 4 times
poorer spatial resolution of that by the 32  32 pixel subset. Therefore, an appropriate
subset size selection is extremely important for an accurate and ecient deformation
measurement. The subset selection depends heavily on the type of specimen deforma-
44Figure 3.12: Subset with dierent sizes and overlap
tion, speckle size, speckle contrast and the camera resolution. An eective approach to
select a proper subset size is to try dierent sizes of subsets to perform the image cor-
relation on the same image deformations with known displacement or strain. A proper
subset should be the smallest subset that provides the expected displacement/strain.
The overlap represents the intersection between two adjacent subsets. Adopting an
overlap improves the spatial resolution of the displacement while maintaining the same
displacement precision. For example in Figure 3.12(c) where a 50% overlap is used, the
spatial resolution of the displacement is 3232 pixel but that with no overlap is 6464
pixel which is poorer by four times (see Figure 3.12(a)). Hence, adopting overlap is
particularly useful to characterise high-order deforamtions in a small region.
Out-of-plane motion for 2D-DIC
2D-DIC is mostly used to characterise the deformations occurring mainly in one plane.
However, in practice the out-of-plane motion is unavoidable due to misalignment of test
xtures and also the Poisson's eect. The out-of-plane motion of the specimen surface
lowers the deformation accuracy measured by the 2D-DIC. As shown in Figure 3.7, if the
point M does not move in any in-plane directions but move in the out-of-plane motion,
the point M will be projected to a dierent point from M in the camera sensor plane,
which indicates the out-of-plane motion introduces errors for the in-plane deformation
measurement using 2D-DIC. The in-plane strain resulting from the out-of-plane motion
can be estimated as [22]:
xx =
z
l1
yy =
z
l1
xy = 0 (3.11)
where z is the out-of-plane motion with the positive value representing motion towards
the camera, l1 is the objective-lens distance as shown in Figure 3.7. It can be seen that
45the obtained normal strain due to the out-of-plane motion is proportional to the motion
magnitude and inversely proportional to the objective-lens distance, while the in-plane
shear strain is not aected by the out-of-plane motion. According to Equation 3.11,
an eective method to reduce the inuence of the out-of-plane motion on the 2D-DIC
is to increase the objective-lens distance, but this sacrices the spatial resolution. If
signicant out-of-plane motion occurs, telecentric lens or 3D-DIC should be used.
3.4 A DIC system
In this section, the DIC system used in this project is introduced, including high-
resolution cameras, high-speed cameras and an image correlation software. The typical
3D-DIC set-up for deformation measurement is shown in Figure 3.13, which is composed
of two cameras, network cables, tripod, illumination light, test machine and specimen.
The 2D-DIC set-up is the same as the 3D-DIC except that only one camera is used, and
the view direction of the camera should be perpendicular to the specimen deformation
plane.
3.4.1 High-resolution camera
In this study, high-resolution cameras are used to record the entire deformation process
of foam and sandwich specimens at a low recording frequency such as 1 - 2 Hz. The high-
resolution CCD camera is the model 'LA Vision VC-Imager E-Lite 5M' with a 24002000
pixel resolution and 12 bit greyscale range. The maximum recording frequency is in the
order of 1 Hz, which is quite low due to the limitation of the image transmission between
the camera and the computer. The lens is manufactured by SIGMA, with the highest
magnication factor of 300 pixel/mm.
3.4.2 High-speed camera
In addition to the high-resolution camera, a high-speed camera is also used in this study
to capture the occurrence of the predicted localised buckling of sandwich structures (see
Figure 2.16), as the localised buckling rapidly triggers and evolves to material plastic
deformations such as interfacial debond or core crushing [23]. The high-speed camera
model is FASTCAM SA5 manufactured by Photron Japan, as shown in Figure 3.14. It
is an 8 bit camera with the maximum resolution of 1024  1024 pixel. The available
resolution decreases as the recording frequency increases. Due to the poor resolution, the
high-speed camera is normally used to view a small region of interest in the specimen.
3.4.3 Image correlation software
A commercially available software, Davis 7.4, is used to conduct the image correlation
between images captured by the cameras to obtain the specimen displacement/strain.
In Davis 7.4, available subset sizes are 12  12, 16  16, 32  32, 48  48, 64  64,
46Figure 3.13: A typical 3D-DIC set-up of the DIC system used in this work
Figure 3.14: The FASTCAM SA5 high-speed camera
128128, 256256, 512512 pixel. Overlap from 0% to 99% can be selected to improve
the spatial resolution of the displacement. The image correlation is performed in the
frequency domain using the CC criterion and a rst-order shape function (see Equation
3.7, 3.6). The sub-pixel displacement is derived using the peak-nding algorithm [77].
Strains are derived from the derivative of displacements using the Equation 3.9. The
precision of the displacement and strain derived using this software is listed in Table
3.2 [81]. It can be seen that the precision of the displacement and strain is better for
a larger subset size. The displacement precision can reach up to 0.01 pixel if using a
subset with a size of 128  128 pixel. This indicates that a displacement precision of
0.2 m can be obtained if the magnication factor of the lens is 50 pixel/mm. It can
also be seen that the strain precision of a 128128 pixel subset can reach 0.1%. Hence,
the precision of the average strain over an area containing 50 subsets is 0.002%. In
this study, the deection of the sandwich beam specimens is in the order of 1 mm and
the strain of the foam specimens is in the order of 1%, thereby the image correlation
47software Davis 7.4 is considered to be capable of obtaining the specimen deformations
with an adequate precision.
Table 3.2: Precision of displacement and strain of Davis7.4 [81]
Subset size (pixel) Displacement precision
(pixel)
Strain precision
128  128 0.01 - 0.03 0.094%
64  64 0.02 - 0.05 0.3%
32  32 0.05 - 0.2 1.25%
16  16 0.1 - 0.3 5%
3.5 Summary
Several commonly used full-eld and non-contact deformation measurement techniques
are introduced in this chapter, including the interferometric and white light techniques.
DIC is particularly favoured to characterise the deformation of polymer foam and sand-
wich beam specimens in this study due to its satisfactory accuracy and resolution, exible
set-up and negligible parasitic eects of the specimen surface preparation. DIC, by a
combination of high-speed imaging, is demonstrated also capable of characterising the
high strain-rate deformations which is potential to establish the occurrence of localised
bulking as predicted in [14].
DIC calculates the deformation of specimens by tracking the movement of the speck-
les between the specimen images captured before and after deformation. For an accurate
deformation measurement, the speckle pattern, subset size and overlap, image noise and
the out-of-plane motion for the 2D-DIC should be well evaluated.
The DIC system used in this project is introduced, including high-resolution cam-
eras (LA Vision VC-Imager E-Lite 5M), a high-speed camera (FASTCAM SA5) and a
commercial image correlation software (Davis 7.4). The utilisation of DIC on the defor-
mation assessment of polymer foam and sandwich beam specimens in this study will be
introduced in Chapters 4, 5, 6, and 7.
48Chapter 4
A methodology for establishing
elastic properties of polymer
foam materials at elevated
temperatures using DIC
4.1 Introduction
To understand the thermomechanical interaction eects in polymer foam cored sandwich
structures, it is essential to know the temperature dependence of the constituent materi-
als. As has been discussed in Chapter 2, at the temperature range of 50 - 90C, the face
sheet such as aluminium alloy, GFRP and CFRP are barely aected, but polymer foams
(e.g. PVC foam) could experience a signicant thermal degradation of the mechanical
properties. However, a well accepted methodology to characterise the temperature de-
pendence of polymer foams has not been specied. Particularly, the thermal degradation
of the tensile modulus, shear modulus and Poisson's ratio has not been clearly reported.
To obtain the mechanical properties of polymer foams at elevated temperatures is
not just simply conducting a tension, compression or shear test in a sealed thermal
chamber. Possible parasitic eects or error sources must be evaluated and understood
to achieve accurate and repeatable measurement. The temperature of the load cell may
be increased due to the heat conduction from the thermal chamber, and consequently the
load reading may be inaccurate. The compressive specimen is possibly not in a uniaxial
compressive stress state (see Figure 3.4), and this needs to be accounted for and com-
pensated to obtain an accurate value of the modulus. Misalignment probably exists due
to imperfections in the assembling of test rigs and also specimen preparation. For tests
at elevated temperatures, the traditionally used extensometer or strain gauge may have
a complex interaction with the foam specimen due to thermal expansion and softening
of the specimen, which is dicult to evaluate. As has been described in Chapter 3, this
is one of the reasons why DIC is used to characterise the specimen deformation, where
49the camera is positioned outside the thermal chamber viewing the specimen through an
optical window and the thermally induced parasitic eect is isolated. However, an addi-
tional challenge for using DIC here is that the optical window may distort the captured
specimen images. All these error sources must be carefully evaluated to achieve accurate
foam properties at elevated temperatures.
The work in this chapter aims to develop a methodology to establish the temperature
dependence of the elastic properties of polymer foam core materials. Foam tensile,
compressive and shear tests were conducted from room temperature to 90C with an
temperature increment of 5C. Possible parasitic eects as discussed above are claried.
The thermal degradation paths of the tensile modulus, compressive modulus, shear
modulus and Poisson's ratio are obtained, and for the rst time it is experimentally
conrmed that the thermal degradation of the tensile, compressive and shear moduli are
practically the same.
4.2 Test rig design and arrangement
4.2.1 Specimen
Divinycell H100, a type of closed-cell cross-link PVC foam manufactured by DIAB (Swe-
den), was chosen as the specimen material in this work. The Divinycell H100 foam core
is a medium density core with the same chemical composition as used for higher density
PVC foams; therefore the Divinycell H100 foam is representative of a very large range
of PVC foams with wide spread applications. An image of the micro-structure of the
Divinycell H100 foam is shown in Figure 4.1. It can be seen that the cell shape is irregu-
lar. The length of the cells in the through thickness direction is in the range of 0.5 - 0.7
mm, and is approximately half this in the in-plane direction, which indicates a possible
dierent mechanical properties in the through thickness and in-plane directions. The
Figure 4.1: Micro-structure of Divinycell H100 foam
50mechanical properties in the through thickness direction provided by DIAB (except the
Poisson's ratio) are listed in Table 2.2, but the in-plane mechanical properties are not
available from the product datasheet.
PVC foam is manufactured and delivered in the form of a sheet as shown in Figure
2.9. Divinycell H100 foam sheet is provided with a maximum thickness of 65 mm by
DIAB, and this maximum thickness for foam with higher densities is even smaller. Test
specimens are cut from the foam sheet as shown in Figure 4.2. Here, 1 is the through
thickness direction, 2 and 3 are the in-plane directions. 'a', 'b', 'c', 'd' represent the
in-plane tensile/compressive specimen, through thickness tensile/compressive specimen,
through thickness shear specimen and in-plane shear specimen, respectively. The di-
mension and shape of these specimens will be described in the following sections. It is
important to notice that the length of the through thickness tensile/compressive speci-
men is limited to the thickness of the foam sheet (65 mm here), while the length of the
in-plane tensile/compressive specimen is practically not limited.
4.2.2 Generic test rig
A generic test rig was designed as shown in Figure 4.3, to accommodate all the tests
that require a uniform temperature environment and a simultaneous mechanical load.
The generic test rig consists of a test machine, a thermal chamber, connection arms,
two heat isolators and the block A. Here the block A represents the position of specic
xtures for foam tensile, compressive and shear tests.
An Instron thermal chamber (model EC2061) was utilised to provide a stable and
uniform temperature environment. The temperature capacity of the thermal chamber is
-150 - 500C with a temperature controlling accuracy of 1C at temperatures from 20C
to 100C, which satises the temperature requirement (room temperature - 90C) in this
study. The thermal chamber has two circular openings on the top and bottom, which
allow mechanical linking between the test xtures inside the chamber to the actuator and
load cell. The door has a double-layered optical window, which is manufactured using
high temperature boro-silicate glass to minimise the window deformation at elevated
temperatures. Images of the surface of the specimens can be clearly captured by cameras
positioned outside the thermal chamber through the optical window.
To accommodate the thermal chamber, a servo-hydraulic test machine, Instron 8502,
Figure 4.2: The position of foam tensile, compressive and shear specimens in the foam
sheet
51Figure 4.3: The design of the general test rig
was selected to apply the mechanical load. The test machine is equipped with a 100
kN actuator and a 5 kN load cell. The actuator travels in the vertical direction with a
travelling range of 100 mm.
To apply the mechanical load to foam specimens in block A, connection arms were
designed to connect the testing xtures in block A to the actuator and load cell. All
the connections between the connection arms and test xtures, load cell, actuators were
threaded together with a shaft-hole t (H7=h6) to ensure good alignment, as shown in
Figure 4.4(a). In addition, a heat isolator was designed to minimise the heat conduction
between the thermal chamber and the test machine, otherwise the heat conducted from
the thermal chamber could aect the reading of the load cell and also the normal owing
of the hydraulic oil in test machine. The design of the heat isolator is shown in Figure
4.4(b). Here, the connection arms 1 and 2 end with a at plate to maximise the heat
convection into the ambient air. The two plates are connected by 4 steel columns
and a set of PTFE washers which is highly heat insulated. Hence, the arm 1 and 2
are connected via the PTFE washers and the heat conduction is largely reduced. To
evaluate this design, a thermocouple was used to measure the load cell temperature
while the thermal chamber was working at elevated temperatures. The measurement
was performed with an ambient temperature of 25C in the laboratory. The temperature
readings from the thermocouple are listed in Table 4.1. It can be seen that the load cell
temperature still increases slightly as the temperature increase of the thermal chamber.
52Figure 4.4: Schematic of the connection design: (a) connection between dierent parts,
(b) heat isolator
However, the temperature increase of the load cell is only 4.2C when the thermal
chamber works at 90C, which indicates a good performance of the heat isolator. In
addition, for this Instron load cell the temperature inuence on the load cell reading
can be self-compensated if the temperature is lower than 50C. Therefore, by utilising
the heat isolators, the accuracy of load cell is not aected by the high temperature
environment in the thermal chamber.
Table 4.1: The load cell temperature for dierent thermal chamber temperatures
Thermal chamber 25C 50C 70C 90C
Load cell 25C 25.7C 26.7C 29.2C
With the generic test rig which provides a simultaneous thermal and mechanical
loading, specic test xtures can be designed to t in block A to conduct foam tensile,
53compressive and shear tests.
4.2.3 Tensile rig
A well-accepted methodology to measure the foam tensile properties was proposed in
the ASTM standard D1623, 'Standard Test Method for Tensile And Tensile Adhesion
Properties Of Rigid Cellular Plastics' [82]. Two types of specimens and test xtures
are recommended as shown in Figure 4.5, where the shaded area represents the foam
specimen. Type 'A' specimen adopts a cylindrical dog-bone shape aiming to produce a
uniaxial tension in the specimen central region, and a mechanical extensometer can be
clipped at the specimen central region to measure the tensile strain. Type 'A' specimen is
preferable when the thickness of foam panels is larger than 100 mm [82]. Type 'B' adopts
a specimen with a square cross section. The specimen is rmly bonded between two
metallic end tabs, and strain can be obtained by measuring the relative displacements
of the two end tabs or from a mechanical extensometer clipped on the specimen. Type 'B'
specimen is introduced where the foam thickness is limited, such as the foam panels used
as sandwich structure cores. The type 'A' rig approximately generates a uniaxial tensile
deformation in the specimen central region, while the type 'B' set-up may introduce a
nonuniaxial tensile deformation because the top and bottom surfaces are constrained
in transverse movements (see Figure 3.4). However, type 'A' is considered to be not
suitable for tests at elevated temperatures in this study, as the cylindrical shape is
not convenient for the optical strain measurement such as DIC. 3D-DIC is required to
measure the deformation of a cylindrical surface. This presents additional challenges
Figure 4.5: Foam tensile xture and specimen in ASTM D1623 [82]: (a) cylindrical
specimen, (b) cubic specimen
54as the camera needs to view through the optical window not perpendicularly where
severe light refraction can heavily distort the specimen image. On the contrary, type 'B'
specimen has a at surface and primarily in-plane deformation occurs on the surface,
so one camera is sucient to capture the in-plane deformation. Hence, the type 'B' rig
is decided to be used to measure the foam tensile properties in this project. However,
as the type 'B' specimen may not introduce a uniaxial tensile deformation, hence FE
models will be constructed to study the uniformity of the deformation and correction
factors will be derived to compensate the nonuniform deformation as described later in
Section 4.3.
For the Divinycell H100 foam panels, the density through the thickness of the foam
sheet varies signicantly, especially towards the surface of the sheet. This can be ob-
served visually and has also been conrmed by the manufacturer. Hence it was decided
to use only the central 40 mm part of the foam sheet in the preparation of the through
thickness specimen. Considering that the applied load should be well below the elastic
limit of the material and above 1% of the load cell capacity to ensure a stable loading,
a specimen with a cross section of 25  25 mm2 was selected. For the in-plane test
specimen, as the length of the specimen is not limited, a length of 80 mm was chosen
aiming to produce a satisfactory uniaxial tensile deformation in the specimen central
region.
The nal design of the foam tensile test apparatus is shown in Figure 4.6. The top
adaptor was connected to the load cell and the bottom adapter was connected to the
actuator, both through the heat isolators. Tensile load was applied to the specimen
through two universal joints as recommended in the ASTM standard [82], aiming to
prevent rig misalignments and to ensure a pure tensile load. The foam specimen was
bonded between two steel end tabs using Araldite 2000. A coordinate system was dened
here, where x is the specimen width direction, y is the specimen thickness direction and
z is the specimen length direction. For a through thickness specimen, z is the material
direction 1 in the foam sheet; for an in-plane specimen, z is the material direction 2 or
3 in the foam sheet (see Figure 4.2).
4.2.4 Compressive rig
A commonly used foam compression rig is proposed in the ASTM standard D1621:
Standard Test Method for Compressive Properties Of Rigid Cellular Plastics [47], where
cubic or cylindrical foam specimens are loaded in compression between two steel plates.
The specimen top and bottom surfaces should be parallel to each other and perpendicular
to the foam side surfaces, aiming to minimise any shear or bending load alongside with
the compressive load. Compressive strain was suggested to be obtained by measuring
the relative displacement of the two steel plates or directly measured by an extensometer
clipped on the specimen [47]. To achieve a good alignment, a universal joint such as a
sphere connection shall be utilised. In this study, the foam compression rig was designed
in reference to this test xture.
55For a convenient deformation measurement using DIC, specimens with a square
cross section was used rather than that with a circular cross section. Due to the density
variation in the through thickness direction of the Dinvinycell H100 foam sheet, the
thickness of the compressive specimen was also selected as 40 mm. As it is recommended
that the cross section dimensions of the compressive specimen should be no smaller than
the height [47], the dimension of the compressive specimen was designed as 404040
mm3.
The nal design of the foam compression test apparatus is shown in Figure 4.7. The
top adaptor was connected to the load cell and the bottom adapter was connected to
the actuator, both through the heat isolators. The cubic foam specimen was bonded
between two steel end tabs using Araldite 2000, which enables a better alignment of the
specimen and loading xtures than that without bonding. The end tabs and adaptors
were connected by two stainless steel balls, aiming to obtain a self-alignment thus to
prevent specimen bending. A coordinate system was dened similarly as the tensile rig,
where x is the specimen width direction, y is the specimen thickness direction and z is
the specimen length direction. The specimen orientation is arranged in the same way as
the foam tensile specimen to measure the through thickness and in-plane compressive
modulus.
4.2.5 Shear rig
A few xtures have been proposed attempting to achieve accurate foam shear modulus
and strength, including the lap-shear rig, exure rig and the Arcan rig as shown in
Figure 4.8(a), (b), (d), respectively.
The lap-shear rig is proposed in the test standard ASTM C273 'Standard Test
Method for Shear Properties of Sandwich Core Materials' [48]. The recommended x-
ture is shown in Figure 4.8(a). The foam specimen is rmly bonded between two sti
steel plates, and a uniaxial tensile load is introduced to the two steel plates to produce
an approximate pure shear deformation in the foam specimen. To minimise the normal
stress in the specimen, the dimensions of the foam specimen and the steel plates should
be such that the action line of the load passes the diagonal corners of the specimen.
The specimen length is recommended to be 12 times larger than the specimen width
to achieve a satisfactory uniaxial shear state. Foam shear strain can be derived by
measuring the relative displacement of the two steel plates. The lap-shear rig has been
widely used to measure the shear properties of foam core materials [39,69,85,86], and is
deemed capable of obtaining accurate shear modulus. However, it was found that after
the shear yielding the specimen deformation is no longer pure shear because signicant
compression and volumetric change occur in the specimen [69] (see Figure 3.5).
The Arcan rig is mainly utilised to measure the biaxial properties of materials [83],
but uniaxial tension and shear tests can also be conducted. A typical Arcan rig is shown
in Figure 4.8(b). The specimen is usually designed with a buttery shape to achieve
a homogeneous deformation in the specimen central plane (indicated with a bold dark
56Figure 4.6: Foam tensile test apparatus at elevated temperatures
Figure 4.7: Foam compressive test apparatus at elevated temperatures
57line). Load is applied through two holes symmetrical to each other about the specimen
centre. If the load is introduced in the vertical direction as shown in Figure 4.8(b), a
uniaxial shear deformation is achieved; if the load is applied in the horizontal direction,
a uniaxial tensile deformation is obtained; otherwise, a biaxial deformation is obtained.
Arcan rig has been used to measure the shear properties of polymer foam materials by
several researchers [87,88]. One challenge of the Arcan rig arises from the shear strain
measurement. The normal approach by bonding strain gauges on the specimen surface
may introduce heavy parasitic eects for exible polymer foam materials. An alternative
Figure 4.8: Foam shear rigs: (a) lap-shear rig [48], (b) Arcan rig [83], (c) four-specimen
rig [70], (d) four-point bending rig [84]
58approach is to use the non-contact video extensometry such as DIC, however as the pure
shear only occurs in a small region of the specimen (the bold dark line area shown in
Figure 4.8(b)), the shear strain measurement in this region could be quite noisy.
Using exure rig to measure the shear properties of foam materials is proposed in the
standard ASTM-C393 'Standard Test Method for Core Shear Properties of Sandwich
Constructions by Beam Flexure' [70] and ASTM-D7250 'Standard Practise for Deter-
mining Sandwich Beam Flexural and Shear Stiness' [89]. Here, the specimen is not
the foam material only, but a foam cored sandwich beam. The shear modulus can be
derived from the load-deection curves of two dierent four-point bending congura-
tions (dierent loading span) based on the CSBT (classical sandwich beam theory). As
it contains two dierent four-point bending congurations for each measurement, it is
inconvenient to conduct tests at elevated temperatures.
Another foam shear rig was proposed by Wada et.al as shown in Figure 4.8(c) [84].
The conguration consists of 4 foam specimens with the same size, and each specimen
is bonded between two thin aluminium or composite face sheets. The shear strain of
each specimen can be calculated using the face displacement, v, dividing the specimen
thickness, tc, as shown in Figure 4.8(c). For this test conguration, the specimen thick-
ness should be small enough to minimise the specimen bending. The author thought
that this shear rig could achieve more accurate shear stiness than the lap-shear and
exure rigs. However, the shear deformation of this new shear rig depends heavily on a
perfectly symmetrical specimen preparation, including both the dimension and density.
In a comparison, the lap-shear xture is considered to be capable of providing reliable
shear stiness for polymer foam materials, and no stringent specimen preparation is
required. Although stress concentration occurs near the specimen edge, the overall
deformation is approximately uniaxial. The average shear strain over a large area on
the specimen surface can be measured using DIC with a good precision. Thereby, the
lap-shear xture was selected to obtain the foam shear modulus at elevated temperatures
in this study.
The nal design of the foam shear xture is shown in Figure 4.9. The foam specimen
was designed with a dimension 10  30  100 mm3 (width  thickness  length),
considering a failure load lower than the load cell capacity 5 kN and a large length-to-
width ratio. The specimen was rmly bonded between two steel plates using Araldite
2000. A coordinate system was dened where x is the specimen width direction, y is the
specimen thickness direction and z is the specimen length direction. A tensile load was
applied in the vertical direction through two universal joints (ball connection). These
universal joints can theoretically produce an ideal alignment in both the x z and y z
plane. To measure the through thickness shear modulus, x is the material direction 1;
to measure the in-plane shear modulus, y is the material direction 1 (See Figure 4.2).
It is important to notice that z direction is the foam length direction rather than the
vertical (or loading) direction. An angle of 5.7 exists between the z direction and the
vertical direction for this test conguration.
59Figure 4.9: Foam shear test apparatus at elevated temperatures
Specimen deformations of tension, compression and shear are all assessed by the 2D-
DIC. One LA Vision VC-Imager E-lite digital camera was positioned outside the thermal
chamber with the viewing direction perpendicular to the specimen surface, to capture
the surface images through the optical window mounted in the door of the thermal
chamber. The distance between the camera and the specimen was approximately 0.5 m.
Speckles in the form of white-black particles were sprayed on the specimen surface and a
light illumination was positioned inside the chamber to provide sucient image contrast.
Displacements and strain of the specimens were computed from the recorded specimen
images using the software DaVis 7.4. The strain measurement areas were selected as
the central 20  20 mm2, 20  20 mm2, 8  20 mm2 (x  z) over the specimen surface
for the tensile, compressive and shear specimens, respectively.
The inuence of the out-of-plane (y   z plane) motion due to Poisson's eect is
marginal for the in-plane strain measurement using DIC. Taking the through thickness
tensile test as an example, the out-of-plane motion of the specimen surface resulted
from a 1% load direction strain is about 0.05 mm if the Poisson's ratio is 0.4. According
to Equation 3.11, the strain measurement error caused by this out-of-plane motion is
about 0.005%, which is marginal in comparison to 1%. The out-of-plane motion due
to misalignments can be evaluated by a double side strain measurement using 2D-DIC,
which will be described in later sections.
The photographs of all the test rigs are shown in Figure 4.10.
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614.3 Evaluation of the strain distribution
A multi-directional stress state possibly exists in the specimen for the test arrangements
shown in Figures 4.6 and 4.7, because the top and bottom surfaces of the specimen are
rmly bonded to the steel end tabs, thereby constraining the transverse displacements
in the neighbourhood of the interface (prevented transverse straining) (see Figure 3.4).
This eect diminishes away from the end tab regions. Due to the short length of the
specimens, a nonuniform strain distribution throughout the specimen is created. Al-
though a suciently long specimen could be designed to provide a region of uniform
strain distribution (and uniaxial stress) in the middle section, the specimen length is
limited in the through thickness direction by the foam sheet thickness, as described in
the Section 4.2.1. Bonding several foam blocks together using epoxy adhesive to create a
long specimen has been investigated [87], but epoxies are still much stier than foam ma-
terials (typically by one order of magnitude) and the issue of a nonuniform strain would
remain. Furthermore, obtaining a well aligned specimen becomes increasingly dicult
as more blocks need to be joined. Under a nonuniform strain state, the specimen surface
strain, which is assessed by DIC in this work, will be dierent from the bulk average
strain and hence provides an erroneous calculation of the elastic moduli. Similarly, the
Poisson's ratio cannot be obtained directly by using the lateral surface strain divided
by the longitudinal surface strain because of the multi-axial stress state. The lap-shear
rig shown in Figure 4.9 is only an approximation of the pure shear deformation, and
stress concentrations exist in the top and bottom area of the specimen. Therefore, the
stress/strain state of the foam specimens must be dened for the specic experimental
arrangements in this work, so that the relationship between the measured surface strain
and the bulk average strain is derived. Here this is done by conducting an elastic Finite
Element (FE) analysis of the strain distribution in the specimens.
The elastic FE model was constructed using the commercial software package ANSYS
12.0. The foam bulk was constructed using 111 mm SOLID185 (8 node orthotropic
linear strain elements), while the steel end tab was built using 1  1  1 mm SOLID45
(8 node isotropic linear strain elements). A model has been constructed that considers
the thin adhesive layer between the foam and the end tabs, and it was shown that
this had practically no inuence on the stress distribution in the foam. Therefore the
thin adhesive layer between the foam volume and the end tab was not considered, and
the nodes on this interface between the specimen and the end tabs were joined. The
geometrical dimensions of the model are shown in Figures 4.6, 4.7 and 4.9. The material
properties selected for the model are listed in Table 4.2 [19]. The Poisson's ratio and
in-plane elastic moduli of the foam specimen were not available from the datasheet from
DIAB [19]. Initial in-plane tensile tests were performed with the 25  25  80 mm3
(xyz) specimen, and as these specimens are longer it was expected that there would
be a large region of uniaxial stress and uniform strain (This is later veried in Figure
4.12). Therefore as a starting point the in-plane tensile modulus was measured, which
was found to be approximately half of that in the through thickness direction listed in
62Table 4.2: Material properties used in the FE model
Material E1(MPa) E2, E3(MPa) 12 23 G12(MPa)
Foam 130 [19] 65 a 0.4 b 0.4 a 35 [19]
Steel 210000 210000 0.32 0.32 87500 c
a initial tested value by a long in-plane tensile specimen
b estimated value by the rule of reciprocity
c derived as G = E=2(1 + )
Table 2.2. The values of 23 and 21 were obtained as 0.4 and 0.2, respectively, and 12
was estimated around 0.4 (twice the value of 21) according to rule of reciprocity.
A vertical load was applied to the central node of the upper surface of the upper
steel block in the FE model, while displacements of the central node on the lower surface
of the bottom steel end tab was constrained in the x, y and z directions. The tensile,
compressive and shear loads were selected as 312.5 N, -800 N and 1500 N respectively,
to introduce the same level of bulk average stress (0.5 MPa) in tension, compression and
shear specimens.
The FE solution of the strain in the z-direction (z) is shown in Figure 4.11 for the
through thickness tension and compression cases. It can be seen that z is distributed
nonuniformly in the specimen. Aside from the stress concentrations near the interface
of the foam specimen and the end tabs, the largest strain occurs in the centre of the
specimen, decreasing towards the specimen edges. The square area enclosed by the
dots in Figure 4.11 represents the measurement area (20  20 mm) from which the
experimental data is taken (i.e. the surface strains sz and sx). However, the elastic
properties are obtained based on the bulk average strain in the z-direction, bz, and the
x-direction, bx, so that the Young's modulus and Poisson's ratio can be obtained as
follows:
Ez =
P
Abz
zx =  
bx
bz
(4.1)
where P is the load, Ez is the tensile or compressive modulus in z-direction and A is
the cross section area.
Figure 4.11(c) and (d) show plots of the strain in z-direction along lines a, b and
c shown in Figure 4.11(a) and (b). Here a normalised distance is shown. It can be
seen that the average strain from the measurement area is not identical to the bulk
average strain. Therefore a relationship between the surface strain and the bulk average
strain must be established so that the correct elastic constants can be derived from the
experimental data. Hence two correction factors E and  are proposed as:
E =
bz
sz
 =
zx
szx
(4.2)
63Figure 4.11: Strain distribution under a bulk average stress of 0:5 MPa (P = 312:5 N
for tension; P =  800 N for compression). (a) strain distribution of tensile model, (b)
strain distribution of compressive model, (c) strain along line a, b, c in graph (a), (d)
strain along line a, b, c in graph (b)
where szxis dened as sz=sx. Values of E and  closer to unity indicate a more
uniaxial deformation. Both of E and  can be obtained from the FE analysis. Values
of E of 1.03 and 1.08 were obtained for the tensile and compressive specimen geometries,
respectively. It should be noted that these correction factors are valid only in the linear
elastic deformation region.
A further important consideration is the sensitivity of the E and  to the material
properties. To study the dependence of the correction factors on these unknown material
properties, cases were studied by varying 4 factors in the FE simulation: 1) the ratio E2
E1,
2) E1 and E2, keeping E2
E1 the same, 3) 12, and 4) 23. For the cases where E2
E1 was not
varied a value of 0.5 was applied, because the initial in-plane tensile tests showed that
the in-plane modulus is about half of the through thickness modulus in the datasheet.
In the through thickness case in the FE model Ez equals to E1, Ex and Ey equals to
E2 and E3. In the in-plane cases, corrections factors can be dierent for two conditions:
1) z-direction aligned with material direction 2, and x-direction aligned with material
direction 1, and 2) z-direction aligned with material direction 2, and x-direction aligned
64with material direction 3. Both conditions have been investigated but condition 1) will
be used by way of explanation. Thus, in the FE model, Ez equals to E2, Ex and Ey
equals to E1 and E2, respectively.
Figure 4.12 shows plots of  against each of the parameters listed above derived from
the FE models. In Figure 4.12(a) E1 is examined, in Figure 4.12(b) E2
E1 is examined,
in Figure 4.12(c) the eect of varying the Poisson's ratio 12 is examined and in Figure
4.12(d) the eect of varying the Poisson's ratio 23 is shown. In the legend of Figure
4.12, 'T' and 'C' represent tension and compression, respectively. It can be seen that
E and  remain at unity for the in-plane tensile test regardless of the variation of any
of the material properties, which indicates that the specimen is long enough to ensure a
uniaxial stress and uniform strain state in the strain measurement area. For the through
thickness tensile test, E1 , E2 and 23 have little inuence on the correction factors, even
though their values are not quite unity. However for 12 (as shown in Figure 4.12 (c))
this is not the case as  is dominated by changes in 12. Therefore, an equation for the
Figure 4.12: The dependence of E and  on foam material properties. (a) E1, (b) E2
E1,
(c) 12, (d) 23
65relationship of 12 and szx can be derived from Figure 4.12(c) as:
12 = 0:904  szx + 0:023 (4.3)
szx can be obtained from the DIC results, and an accurate 12 can be derived according
to Equation 4.3. Then, from Figure 4.12(c), E can be determined from 12 as:
E =  0:021  12 + 1:053 (4.4)
It is important to notice that Equations 4.3 and 4.4 are only valid for the specic
specimen geometry and mechanical properties adopted in this work, but similar equa-
tions can be derived for dierent foam core materials and geometries by this method.
For the foam compressive test in both the in-plane and through thickness directions, E
and  are signicantly dependent on 12, 12 and 23 due to the smaller ratio of the
specimen length over cross section area. Hence, a relationship over a range of property
values cannot be determined as in Equation 4.4, where the correction factors depend on
only one variable. From a purely physical point of view, and with a view to the strict
denition of Young's modulus to be the slope of the tangent to the stress-strain curve
at origin, the tensile and compressive elastic moduli of the foam must be the same. In
the literature [25], a cubic geometrical model was constructed to study the tensile and
compressive modulus of closed-cell foam materials, and the result indicate that the ten-
sile and compressive modulus are identical. However the manufacture's datasheet [19]
(see Table 2.2) showed approximately a 5% dierence in the values, and it is considered
here that physically this has little meaning and that the dierence can be attributed to
the adopted testing methodology. Therefore the mechanical properties derived from the
tensile tests can be applied in the compressive FE model and correction factors can be
obtained for the given material properties.
The shear strain (xz) distribution of the through thickness shear specimen obtained
from the FE analysis is shown in Figure 4.13. In Figure 4.13(a), the upper quadrant of
the specimen and the rig is hidden to show the strain distribution across the width of the
specimen. The rectangular area enclosed with dashed lines, designated as 's', represents
the shear strain measurement area. To quantify the strain distribution, values of xz
along lines a, b and c are depicted in Figure 4.13(b). From line b, it is seen that xz
is distributed uniformly over the measurement area. The values of xz on the top and
bottom of the specimen free surfaces should be 0, but a value of about 0.003 was derived
from the FE model. This is caused by the mesh in the region not being ne enough to
capture the reduction to zero. However, these edge eects have negligible inuence on the
measurement area. From line c, it is shown that the strain on the surface of the specimen
is identical to that inside the specimen. The average value of xz in the measurement
area is obtained as 1:4210 2 from the FE solution, which is less than 1% dierent from
the bulk average shear strain (calculated as xz divided by G12). By constructing FE
models with the same dimensions but with dierent foam shear properties as described
66Figure 4.13: Distribution of xz in the foam specimen by FE. (a) over the bulk, (b)
along lines a, b, c
for the tensile and compressive specimen, it was found that the shear strain distribution
is practically independent of the polymer foam material properties probably due to its
large ratio of the specimen length to width. Therefore, a shear strain measurement in the
measurement area can be used to provide an accurate representation of the bulk average
shear strain. For the in-plane direction shear model, a practically identical solution was
obtained.
4.4 Evaluation of methodology at room temperature
4.4.1 Subset selection
A suitable combination of subset and overlap must be selected for a proper strain mea-
surement using DIC, as described in Chapter 3 Section 3.3.3. Generally, a larger subset
size introduces better displacement and strain precision as shown in Table 3.2, but poorer
spatial resolution and increased computing time. An appropriate subset size depends
heavily on the speckle size and intensity contrast. Because only the average strain across
the measurement area is required in this study, a high spatial resolution is not needed.
Therefore the approach was to optimise the subset size to reduce scatter in the strain
value.
To choose an appropriate subset size, a test was performed with the through thickness
tensile specimen. The specimen was loaded with 3 dierent bulk average stresses, which
are 0.1 MPa, 0.3 MPa and 0.5 MPa. Five tests were conducted for each load condition.
The strain was computed using four dierent subset sizes: 16  16 pixel, 32  32 pixel,
6464 pixel, 128128 pixel. The z direction and x direction surface strain (sz and sx)
were calculated for the 5 tests under each stress condition with dierent subsets, and the
67Figure 4.14: Strain derived with dierent subsets; (a) sz, (b) sx
average strains are shown in Figure 4.14 with the error bar representing the standard
deviation. It can be seen that all sizes of subset produce a high repeatability, as the
standard deviation is very small. However, the strain value converges at the 6464 pixel
subset size (the strain derived with the 64  64 and 128  128 pixel subsets are nearly
identical). Because larger subsets are known to bring more accurate strain values for the
region with no large strain gradient, it is reasonable to assume that the 16  16 pixel
and 32  32 pixel subsets are not large enough to perform the correlation accurately in
all the subsets. Considering larger subsets consume more computing time, 6464 pixel
is the optimised subset size and was therefore applied for all strain derivations in this
work.
A typical full-eld map of the strain over the measurement area of the tensile speci-
men is shown in Figure 4.15. The data has not been smoothed, therefore each element
of the image is the average strain for each subset. It is apparent that the calculated
strains are not uniform over the measurement area. However, the variation is due to the
precision of the strain derivation and cannot be attributed to any physical feature in the
specimen. This is conrmed as several tests on the same specimen have been performed
using identical parameters that yield a dierent pattern. The standard deviation of sz
in each subset is about 0.5% and that in the measurement area is approximately 0.002%
(using 0.5% divided by the number of subsets i.e. 289), further conrming the precision
of the strain derived in this work. The associated displacement vectors derived from the
image correlation are overlaid on the strain map. These show that the magnitude of
the displacement increases from the xed point (above the bottom of the image), which
is as expected. The full-eld strain map of the compressive specimen is similar as the
tensile specimen.
Figure 4.16(a) shows the full-eld shear strain map (background) overlaid with the
68Figure 4.15: Full-eld displacement and strain of the tensile specimen calculated by DIC
Figure 4.16: Displacement and shear strain xz of the shear specimen measured by
DIC: (a) displacement and strain distribution, (b) shear strain on lines a, b, (c) strain
components in the measurement area
69full-eld displacement vectors. The values of xz along the lines a and b are plotted in
Figure 4.16 (b), which shows that xz is uniformly distributed over the measurement
area, with a strain measurement scatter of about 2  10 4. Figure 4.16 (c) shows
the average shear and normal strain components obtained from the measurement area
plotted against shear stress in the specimen volume. It can be seen that xz increases
proportionally with the stress, while the normal strains xx and yy are virtually 0 and
vary negligibly with the stress. Thus, it is demonstrated that a state of satisfactory
uniaxial shear deformation was produced.
4.4.2 Linear elasticity
As the elastic properties are to be obtained, it is therefore important to ensure that the
tensile, compressive and shear tests are performed only within the elastic region and also
to ascertain if the viscoelastic eect is signicant. To verify that only elastic deformations
were encountered, tests were performed in load control with the specimens loaded to
a stress level that results in a bulk average strain less than 0.4% (the failure strain is
between 1% and 2% , see Table 2.2), and then unloaded. One set of tests were conducted
at room temperature (25C) with all the 6 types of foam specimens (tensile, compressive
and shear specimens in the through thickness and in-plane directions). Another set of
tests was conducted at 30C, 60C and 90C with the through thickness tensile specimen.
The test results are shown in Figure 4.17. Here 'T', 'C', and 'S' represent the tensile,
compressive and shear tests, respectively. Very good overlaps between the loading and
unloading data are shown in Figure 4.17, and the R-square values for all the data sets
are larger than 0.99, indicating a good linearity relation and negligible viscoelastic eect.
A slight negative hysteresis is seen for the through thickness shear specimen tested at
room temperature and the through thickness tensile specimen tested at 30C, but this
small hysteresis is very possibly due to the measurement errors on the strain.
As for the elastic deformation, the elastic properties can be obtained using a linear
t of the strain-stress data. Deriving the tensile modulus Et1 and t12 is described in
detail here, and the mechanical properties in the other directions were derived in the
same way. Firstly, an approximate tensile modulus (Est1) was obtained from a linear
t of the surface strain (sz) and the specimen average stress (z) as shown in Figure
4.18(a). Similarly, an approximate Poisson's ratio stzx was derived from the linear t of
the average transverse strain (sx) and the load direction strain (sz) in the measurement
area as shown in Figure 4.18(b). Subsequently, Et1 and t12 were obtained from Est1
and st12 using the correction factors E and , respectively. In Figure 4.18(a), the
gradient of the linear t represents Est1. The R-square correlation coecient indicates
the quality of the linear t, with a value closer to unity indicating a better linear relation.
The standard deviation STD of Est1 is derived as follows:
STD = Est1 
r
1=R2   1
N   2
(4.5)
70Figure 4.17: Test elasticity verication. (a) tension and compression at room tempera-
ture, (b) shear at room temperature, (c) tension at elevated temperatures
Figure 4.18: Derivation of tensile modulus and Poisson's ratio; (a) linear t of strain-
stress data, (b) linear t of the x direction and z direction surface strain data
71where N is the number of data sets. For the data shown in Figure 4.18, values of
137:04  0:25 MPa and 0:440  0:002 were obtained for Est1 and stzx. A value of
0:421  0:018 was derived for t12 by substituting stzx into to Equation 4.3. Using
t12, a value of 1.05 was obtained for E, yielding a value of 130:510:24 MPa for Et1,
which agrees well with the value in Table 4.2. For the derivation of shear modulus, no
correction factors are needed as described in Section 4.3.
4.4.3 Amount of misalignment
The alignment condition of the test rigs must be identied to enable accurate measure-
ments to be taken at elevated temperatures. Although a universal joint (or balls in
the compression rig) were applied aiming to remove any bending moment alongside the
normal load (as per in Figures 4.6, 4.7 and 4.9) unavoidable errors arise during specimen
preparations and test rig assembly might not be fully compensated for. If out-of-plane
misalignment exists, out-of-plane bending results and strains on the front and back sur-
faces will be dierent. If in-plane misalignment exists, as the strain measured here is the
average strain over the central region of the specimen surface, this misalignment does not
aect the measured average strain value. Therefore, only the out-of-plane misalignment
needs to be determined. In this procedure, the amount of misalignment was evaluated
at room temperature. Tests were carried out without the thermal chamber and another
camera was positioned to view the back side of the specimen. Care was taken to ensure
that the back-side camera was symmetrical with the front-side camera about the spec-
imen. The front and back surface images were captured simultaneously. 10 tests were
performed for each type of tests. Between each test, the specimen (together with the
end tab) was removed from the test machine and then re-mounted, with a random and
dierent amount of misalignment produced.
The through thickness tensile and compressive test results are shown in Figure 4.19,
with the error bars representing the measurement precision. The data shown in the
three curves was calculated using the strains from the front surface, back surface and the
average between the two. Similar results have been obtained for the in-plane direction
tests. It can be seen that the moduli and Poisson's ratio derived using the strains from
only one surface are more scattered than that using the average strain. Taking the
data from all tests presented in Figure 4.19(a) for instance, the average and standard
deviation of Et1 front, Et1 back and Et1 average are 132:992:84 MPa, 132:693:23 MPa
and 132:780:58 MPa, respectively. However, it is fortuitous in this case that the largest
and the smallest values occur on both faces of the specimens, hence the average from
the 10 readings from one surface gives a value close to the average from the two surfaces.
In Figure 4.19(b), (c) and (d), this is not the case, and these plots clearly demonstrate
the need to take initial readings from both surfaces to correct for misalignment. The
results clearly indicate that bending can still exist alongside the tensile and compressive
load even though universal joints have been applied in accordance with the ASTM
standard. Therefore data from one surface only does not provide a reliable measurement
72of the Young's modulus and Poisson's ratio. However, at elevated temperatures the
thermal chamber obstructs the view to the back surface (as shown in Figure 4.6), so
only the front surface strain can be assessed. By performing one initial test using data
from two opposing surfaces measured simultaneously, the misalignment condition can be
quantied and subsequent strain measurements from only one surface can be corrected to
provide an accurate measurement. By establishing the correct Young's modulus at room
temperature it is then possible to correct against this value when the loading assembly
is removed from the test machine to enable the thermal chamber to be mounted in the
test machine. When only one surface is visible the Young's modulus and Poisson's ratio
can be corrected against the value obtained using two cameras. The correction ratio
Figure 4.19: Test results with a simultaneous strain measurement on the front and back
specimen surfaces: (a) Et1, (b) t12, (c) Ec1, (d) c12
73established at room temperature is applied for all tests at elevated temperature. For the
lap-shear test rig, the amount of misalignment was found negligible, possibly because of
the larger ratio of length to thickness for the shear specimen.
4.4.4 Inuence of optical window on DIC
For the tests at elevated temperatures, the surface images of foam specimens were cap-
tured through the optical window in the thermal chamber door. Any light reection and
refraction resulting from the window may distort the image and hence aect the strain
value. To investigate the eect of the window, tests were performed with an aluminium
plate specimen with a dimension of 2  30  1000 mm (thickness  width  length) as
shown in Figure 4.20. The front surface of the aluminium specimen was sprayed with a
random greyscale speckle pattern in the same way as the foam specimen, while a strain
gauge (VISHAY EA-13) was bonded onto the back surface to measure the strain in the
length direction. The aluminium specimen was subjected to a tensile load. Two tests
were conducted, one with the camera directly viewing the specimen, and one with the
camera capturing the specimen surface image through the optical window of the thermal
chamber as shown in Figure 4.20(a). The surface images, the strain gauge data and the
load cell data were recorded simultaneously. The resulting values of Young's modulus
are shown in Table 4.3 using both the strains obtained by DIC with and without the
window in place and the strain gauge data. It can be seen the measurement precision
with the images captured through the optical window is poorer, which may be the result
Figure 4.20: Comparison of DIC tests: (a) with window, (b) without window
Table 4.3: Young's modulus of aluminium derived with and without the optical window
With window Test 1 Test 2 Test 3
E DIC (GPa) 64.66  1.83 66.75  1.42 63.00  1.63
E strain gauge (GPa) 65.35  0.02 65.38  0.03 65.45  0.03
Without window Test 4 Test 5 Test 6
E DIC (GPa) 64.39  0.78 66.25  0.56 65.54  0.76
E strain gauge (GPa) 65.50  0.03 65.71  0.02 63.92  0.03
74of the blurring of the images due to the presence of imperfections in the window. How-
ever, the average values of the Young's modulus obtained using the images captured with
and without the optical window are quite similar, and both are less than 2% dierent
compared to those derived from the strain gauge. Hence, it can be concluded that the
presence of the optical window has little inuence on the DIC strain computation.
4.5 Results
4.5.1 Room temperature results
The foam elastic properties were rstly obtained at room temperature along with the
correction factors, which are essential for the elevated temperature tests. The in-plane
tests were performed in the same manner as the through thickness tests described in
the previous section. The densities of the tensile and compressive specimens were 94.0
kg/m3, and that for the shear specimens were 95.1 kg/m3. Each test was repeated 10
times, and the average value and the standard deviation of the test results are listed in
Table 4.4, where 'T', 'C' and 'S' refer to the tensile, compressive and shear properties,
respectively. Very good repeatability of this methodology is seen from the small standard
deviation around 1%. As expected, it can be seen that the tensile and compressive
elastic properties are almost identical. The through thickness Young's modulus and
shear modulus obtained here are very similar to the datasheet (see Table 2.2). However,
the in-plane modulus is approximately 50% of the through thickness modulus, which
does not agree with previous studies where the Divinycell PVC H100 foam was observed
near isotropic [87,90]. The Poisson's ratio 12 is about twice the value of 21, which
satises the reciprocity equation:
ij
Ei
=
ji
Ej
(4.6)
In addition, the correction factors which compensate the strain nonuniformity are
listed in Table 4.4. For through thickness compressive specimens in this work, the
correction factors can be as large as 11% dierent from unity, reiterating the importance
of considering the nonuniform strain distribution. For the shear tests, as the surface
strain is identical to the bulk average strain as described in Section 4.3, the correction
factor (G) equals to 1.
4.5.2 Elevated temperature results
The following procedure was applied prior to each test at elevated temperature to identify
any misalignment:
1. Obtain a reliable room temperature modulus and Poisson's ratio with multiple
measurements from the front and back surfaces.
2. Fix the thermal chamber on the test machine and keep it at a room temperature.
75Table 4.4: Anisotropic properties of Divinycell H100 foam
Tension a Compression b Shear c E(T) E(C) (T) (C) G
E1 (MPa) 132.78  0.88 130.75  0.58 - 1.05 1.11 - - -
E2 (MPa) 58.70  0.89 57.74  0.46 - 1.00 1.03 - - -
G12 (MPa) - - 32.840.56 - - - - 1
G23 (MPa) - - 19.360.30 - - - - 1
12 0.41  0.01 0.39  0.01 - - - 0.96 1.00 -
21 0.17  0.02 0.20  0.01 - - - 1.03 1.05 -
23 0.40  0.01 0.40  0.01 - - - 1.00 1.03 -
a tests were conducted at 20C
b tests were conducted at 20C
c tests were conducted at 25C because the weather becomes hotter when the shear tests were
conducted
3. Measure the strain on the front surface through the chamber window. Use the
strain to derive the modulus and Poisson's ratio.
4. Calculate the 'misalignment ratio' between results from 1 and 3.
5. Conduct tests at elevated temperatures with the specimen, maintaining a small
load as the temperature is increased, so as not to change the alignment condition.
6. Use the 'misalignment ratio' derived in 4 to correct the tensile modulus and Pois-
son's ratio measured at elevated temperatures.
The through thickness foam tensile and compressive tests were conducted from 20C
to 90C with an increment of 5C between tests. The through thickness foam shear tests
were conducted from 25C to 90C. A transient thermal FE model was constructed
in Ansys 12.0 to investigate the heating rate of the foam specimen so that a proper
dwell time of heating can be determined to achieve a uniform temperature distribution
through the specimen. 3D linear thermal element SOLID90 was used in the FE model.
The thermal conductivity and specic heat capacity of Dinivycell H100 are 0.033 W/(m
 K) and 1700 J/(Kg  K), respectively [19]. In this FE model, only the foam specimen
volume was modelled and the end tab was not included, as it is known that the steel
end tab conducts the heat much better than the polymer foam. The initial temperature
of all the nodes in the specimen volume is dened as 45C, and then the nodes on the
surface of the specimen volume are given a temperature of 50C. The FE solution on
the temperature change of the node in the centre of the compressive specimen is shown
in Figure 4.21. It shows that it takes about 20 minutes for the temperature of the
central node to reach a stable temperature value which is the target temperature 50C.
Therefore, a 30 minutes dwell time is enough for the specimen to be uniformly heated
and was implemented between each temperature increment in experiments to allow the
specimen to reach a uniform temperature state.
Each test at dierent temperatures were repeated by 2 specimens. Test results are
shown in Figures 4.22 and Figure 4.23. The legend 'T', 'C' and 'S' represent tension,
compression and shear, respectively. A good repeatability is shown in the test results
76Figure 4.21: Temperature change of the central node of the compressive specimen during
the heating (FE solution)
about the elastic moduli. It can be seen that the tensile and compressive moduli change
with an identical nonlinear trend with temperature as shown in Figure 4.22. The mod-
uli was found to decrease approximately linearly in the temperature range 25 - 70C.
After 70C, the rate of reduction increases sharply which corresponds well with the Tg
(glass transition temperature) of approximately 80C for the PVC material. At 90C,
the stiness has decreased to less than half of the room temperature value. The shear
modulus follows a similar thermal degradation path as the tensile and compressive mod-
uli. The Poisson's ratio on the other hand was found to remain fairly stable at dierent
temperatures, not considering the measurement scatter of 0.02.
4.6 Master curve of the thermal degradation behaviour
The normalised thermal degradation of the through thickness tensile, compressive and
shear modulus are shown in Figure 4.24. The normalised curve was derived using the
modulus at all temperatures shown in Figure 4.22 divided by the corresponding modu-
lus at 25C. Figure 4.24 clearly shows that the temperature dependence of the tensile
modulus, compressive modulus and shear modulus is practically the same. An almost
linear thermal degradation can be observed in the temperature range of 25 - 70C. Above
70C, the modulus degradation becomes much steeper.
It is interesting to see that, although the polymer foam cells deform in dierent
manners in tension, compression and shear, the thermal degradation paths of the three
moduli are almost identical. This indicates that the thermal degradation of foam me-
chanical properties is dominated by the loss of the mechanical properties of the base
polymer, and the shape of the cell structure should have minor inuences. Hence, it
can be expected that foam materials with the same base polymer but dierent relative
densities should degrade similarly. To validate this hypothesis, Divinycell H100, H130
77Figure 4.22: Tensile, compressive and shear moduli of Divinycell H100 foam obtained
at elevated temperatures
Figure 4.23: Poisson's ratio of Divinycell H100 foam measured at elevated temperatures
78Figure 4.24: Thermal degradation of through thickness tensile, compressive and shear
moduli of Divinycell H100 foam
Figure 4.25: Thermal degradation path of the through thickness tensile modulus of the
Divinycell H100, H130 and H200 foams
79(density of 130 kg/m3) and H200 (density of 200 kg/m3) foams, which are formed using
the same base polymer but dierent relative densities, were tested in tension at elevated
temperatures, using the methodology proposed in this chapter. The test results are
shown in Figure 4.25. It can be seen that the three foam materials almost follow the
same thermal degradation path, which proves the validity of the hypothesis.
In a summary, the tensile, compressive and shear moduli of polymer foams follow the
same thermal degradation path, and this path only depends on the base polymer. Thus
a master curve can be proposed to describe this temperature dependence behaviour of
a series of foam materials with the same base polymer. The master curve to express the
temperature dependence of Divinycell H100, H130 and H200 was proposed in the form
of a 3-order polynomial function by tting the average of the six normalised thermal
degradation curves in Figure 4.24. The 3-order polynomial curve matches well with
the experimental data with the dierence less than 2%, as shown in Figure 4.26. The
mathmatical expression of the tted 3-order polynomial curve is obtained as:
E(T)
E(T0)
=
G(T)
G(T0)
=  3:19  10 6T3 + 4:24  10 4T2   2:27  10 2T + 1:36 (4.7)
Adopting the master curve means that only the room temperature properties are re-
quired to predict the mechanical properties of polymer foams at elevated temperature.
This provides great convenience in the work to study the behaviour of polymer foam
cored sandwich structures at elevated temperatures as described in the following chap-
ters.
As part of the research collaboration (see Figure 1.1), the temperature dependence of
the elastic moduli was also experimentally characterised by Siavash Talebi Taher using
Figure 4.26: The master curve of the stiness degradation of Divinycell H100 - H200
foam with temperature
80a modied Arcan rig (MAF) [24,91]. The thermal degradation path of the modulus of
Divinycell H100 foam obtained by Siavash Talebi Taher is shown in Figure 4.26 with
the legend 'MAF'. The two thermal degradation paths are very similar, with the largest
dierence smaller than 5%. Hence, the master curve of the thermal degradation derived
by this work is further proven to be accurate and trustable.
4.7 Conclusion
In this chapter, a methodology to characterise the elastic properties of polymer foam
materials at elevated temperatures was proposed. The focus was on determining reliable
values of the elastic properties based on strain data obtained using DIC. A detailed
coverage of the source of uncertainties in the experimental procedure was provided. The
strain distribution in the specimens were studied using 3D linear elastic FE models, and
correction factors were proposed to compensate the nonuniform strain state. Subset
size was selected by performing the image correlation between a same series of images
using dierent subsets, and the measured strain showed 6464 pixel is the most suitable
subset size in this work. The amount of misalignment (out-of-plane) was quantied with
the double side strain measurement using DIC, and an alignment ratio was proposed
to compensate the strain measured from only one surface. The linear elasticity of the
foam deformation was proved by loading and unloading the specimen. The inuence
of the optical window on the 2D-DIC was evaluated, with the results showing that the
inuence is negligible. By considering these uncertainties, the test results indicates a
good repeatability of the proposed methodology. The main observations and conclusions
are as follows:
1. The recommended methodologies by ASTM standards for obtaining the tensile
and compressive properties of foam materials [82](type 'B') [47] can introduce a
non-uniaxial stress/strain state in the specimen due to a practical limitation of
the specimen length. This non-uniaxial stress/strain state is demonstrated to be
compensated by FE analysis. The lap-shear test rig can produce approximately
pure shear deformation.
2. The moduli of Divinycell PVC H100 foam in tension and compression were found
to be almost identical. The in-plane modulus however was observed to be ap-
proximately 50% of the through thickness modulus. This contradicts previous test
results where the Divinycell PVC H100 foam was observed near isotropic [87,90].
Discussions with DIAB have conrmed that changes in the formulation and man-
ufacturing processes in recent years account for this discrepancy with previous
works.
3. The Young's modulus and shear modulus of Divinycell PVC H100 were found to
follow the same thermal degradation path. The moduli decrease approximately
81linearly with temperature from room temperature to 70C, then signicant degra-
dation occurs. More than half of the stiness is lost at 90C in comparison to
the value at room temperature. The Poisson's ratio is negligibly aected by the
temperature.
4. The thermal degradation of the elastic properties of polymer foam materials was
found depending only on the base polymer. A master curve was derived to de-
scribe the temperature dependence behaviour of Divinycell H100 - H200 PVC
foams. This master curve will be used for the analytical and FE models to study
the thermomechanical behaviour of polymer foam cored sandwich structures, as
described in following chapters in this thesis.
82Chapter 5
The inuence of elevated
temperature on the bending
behaviour of sandwich beams
5.1 Introduction
In the previous chapter, it has been shown that elevated temperatures in the range of 50
- 90C result in a signicant degradation of the stiness of polymer foams. Consequently,
the performance of polymer foam cored sandwich structures would suer from this core
stiness reduction. In addition, the elevated temperature environments often include a
temperature gradient through the thickness of the sandwich structure, for instance when
exposed to solar radiation on the outer surface. Consequently, the CSBT (classical sand-
wich beam theory [1]) does not predict the exure behaviour adequately as it assumes
homogeneous material properties. As has been discussed in Chapter 2 Section 2.6, the
HSAPT (high-order sandwich panel theory) theory has been proposed to predict the
behaviour of sandwich structures in this case, but the HSAPT is a rather complicated
model requiring substantial computational eort. Therefore, a simpler and explicit an-
alytical model would be very useful especially for the design of sandwich structures.
In a simpler approach, Apetre and Sankar [12] proposed a modication of the FSDT
(rst-order shear deformation theory) which takes account of the core stiness variation
in the through thickness direction. However, this simple model is found inaccurate with
respect to the prediction of the overall deection. The inaccuracy could be attributed to
the assumption in the modication of FSDT that, even with a transverse core stiness
variation, the core shear strain remains uniform in the transverse direction. Instead, the
FE modelling presented in [12] showed that core shear stress is approximately uniform
through the thickness rather than the core shear strain.
The objective of the work presented in this chapter is to explore a proper development
of the CSBT (classical sandwich beam theory [1]) that is capable of accommodating a
temperature induced change of the core properties, and thus a core stiness/strength
83gradient in the through thickness direction. A new analytical model is developed which
is capable of predicting the stress/strain state of the face sheet and core and the beam
deection. The new analytical model also enables insight into the failure mechanism with
respect to the core shear yielding and face sheet yielding. To validate this new analytical
model, experiments are conducted where sandwich beam specimens are subjected to
simply supported three-point bending load and a transverse temperature gradient. DIC
is used to assess the deection and the distribution of the core shear strain. FE models
that account for transverse core stiness gradient are also established. The proposed
analytical model shows a good agreement with the FE solution and experiments.
5.2 An modication of CSBT
In this section, a new analytical model is developed to predict the bending behaviour
of a sandwich beam with a through thickness temperature gradient. The analytical
model is based on the CSBT [1] as introduced in Chapter 2 Section 2.3, but taking into
account of the core stiness variation in the through thickness direction due to thermal
degradation. A schematic of the beam subjected to bending is shown in Figure 5.1. The
following restrictive assumptions are adopted:
1. As is the case for all analyses based on CSBT, the thickness of the beam does
not change during deformation, i.e. w(x;z) = w0(x), where w0 is the transverse
deection of the core mid-plane.
2. In accordance with conventional sandwich theory [1], to maintain the structural
sandwich concept, Ef is greater than Ec and Gc (typically by 3 orders of magni-
tude) and the core thickness is much greater than that of the face sheet (typically
10 to 50 times larger).
3. For simplicity, the thickness of the top and bottom face sheets are identical. If this
is not the case a signicant shift in the neutral plane away from the core middle
plane will occur that can be accounted for in the analysis.
4. The face sheets are isotropic with a Young's modulus, Ef, that is independent
of temperature. However, if this is not the case this can be accounted for in the
analysis.
5. The core material exhibits temperature dependent material behaviour.
To determine the exural rigidity of the beam cross-section, the neutral plane must
be identied. As the foam core possesses a through thickness temperature gradient and
thus a stiness gradient due to the temperature dependence of the core, the neutral plane
of the sandwich beam may be oset from the geometrical mid-plane. However, as the
polymer foam core is much more compliant than the face sheet, the change of the neutral
plane due to the core stiness variation is considered to be negligible (this assumption is
conrmed in the Section 5.5). Hence, the neutral plane is the geometrical mid-plane so
84Figure 5.1: Schematic of a sandwich beam subjected to bending and temperature gra-
dient. (q is the transverse distributed load; Qx is the shear force over the cross section;
Mx is the bending moment over the cross section; Ef is the Young's modulus of the face
sheet; Ec(z) and Gc(z) are the Young's and shear moduli of the core, respectively; Tt is
the temperature of the top face sheet; Tb is the temperature of the bottom face sheet)
that the exural rigidity, D, the x directional normal stress, x, and the deection due
to face sheet bending, wb, are identical to those given for a beam with homogeneous core
material properties, as shown in Equations 2.2, 2.3 and 2.6 (see Chapter 2), respectively.
The thermal expansion of the core results in a larger tc, but this eect is negligi-
ble over the temperature range considered in this work, as the coecient of thermal
expansion of polymer foams is typically of the order of 10 5 [19].
The face sheet and core not only carry the x direction normal stress, x, but also the
shear stress, xz. x and xz must satisfy the force equilibrium, i.e. dxz=dz+dx=dx = 0,
and thereby the face sheet shear stress, f, and the core shear stress, c, are derived as
follows:
f(x;z) =
Qx
D
Z tc=2+tf
z
Efzdz (jzj > tc=2;in face sheet)
c(x;z) =
Qx
D
Z tc=2+tf
tc=2
Efzdz +
Qx
D
Z tc=2
z
Ec(z)dz (jzj < tc=2;in core)
(5.1)
Equation 5.1 shows that the largest core shear stress exists at the neutral plane
(z = 0), and it decreases towards the face sheets. However, as Ef is much larger than
Ec regardless of a varying or uniform Ec through the core thickness, in the expression of
core shear stress in Equation 5.1, the second term is much smaller than the rst term.
Therefore c can be approximately derived as:
c(x;z) 
Qx
D
Z tc=2+tf
tc=2
Efzdz =
Qx
bd
(5.2)
showing that c is approximately uniform through the core thickness despite the trans-
verse core stiness variation caused by a thermal gradient across the core.
85The core shear strain (c) is derived simply as:
c(x;z) =
c
Gc(z)
=
Qx
bdGc(z)
(5.3)
which shows that the core shear strain varies in the through thickness direction in
accordance with the variation of the core shear modulus.
If it is further assumed that the core shear strain at any given point depends on
the core through thickness and the in-plane displacement components as dened by the
linear Cauchy strain, then the core shear strain c can be derived from the following
kinematic relationship:
c(x;z) =
dw
dx
+
@uc(x;z)
@z
(5.4)
Accordingly, uc is derived as:
uc(x;z) =  
dw
dx
z +
Z z
0
Qx
bdGc(z)
dz + u0 (5.5)
where u0 is the x direction displacement at the neutral plane.
Equation 5.5 shows that the beam section plane becomes nonlinear after deformation,
and that the nonlinearity is dependent on the core shear modulus, which again depends
on the through thickness thermal gradient. Thus, if the beam cross section plane is still
assumed to be linear after bending deformation has occurred, and consequently the core
shear strain is uniform in z direction, as imposed in [12], the derived shear deection
could be signicantly in error.
For simplicity, to use the FSDT (rst order shear deformation theory) to estimate
the shear deection of the sandwich beam with a nonlinear section plane, the overall
shear rigidity of the beam, S, must be established. S is dened as Qx divided by the
average shear strain over the beam cross-section. S is obtained by conducting an energy
balance so that the work done by Qx is approximately equal to the core shear strain
energy mainly in the core, while the shearing deformation of the face sheets is ignored,
i.e [1]:
1
2
Qx =
1
2
Z tc
0
Qx
d
Qx
bdGc(z)
dz =
Q2
x
2bd2
Z tc
0
1
Gc(z)
dz (5.6)
Accordingly, S is obtained as:
S =
bd2
R tc
0
1
Gc(z)dz
(5.7)
Equation 5.7 shows that the sandwich beam shear stiness depends on Gc(z), which
in turn depends on the temperature distribution through the core thickness. In Equation
5.7, if Gc(z) is constant, i.e. if the temperature does not vary across the core, the shear
rigidity is derived as bd2Gc
tc which is identical to that given in the CSBT [1].
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ws =
Z x
0
(
Qx
S
+ C)dx (5.8)
where C is a constant which is determined by satisfying the boundary conditions.
Thereby, the overall deection, w, is obtained as a superposition of the bending
deection, wb, and shear deection, ws, as:
w =
Z x
0
Z x
0
Mx
D
dx +
Z x
0
(
Qx
S
+ C)dx (5.9)
Since the core shear stress remains uniform through the thickness of the beam re-
gardless of the transverse temperature gradient (see Equation 5.2), the core must start
yielding by shear in the region which is exposed to the highest temperature (i.e. the
smallest yield strength) over the beam cross section. Accordingly, the load Qyld at which
core shear yielding initiates is obtained as:
Qyld = bdcy(Tmax) (5.10)
where cy(Tmax) represents the core shear yield strength at temperature Tmax, and Tmax
is the maximum temperature over the beam core cross-section.
As the normal stress of the face sheets is not aected by the through thickness tem-
perature gradient or core stiness variation, the load at which face sheet yielding/fracture
initiates is the same as shown in Equation 2.8.
Results of this analytical model are validated by comparison to experiments and FE
models presented in the following sections in this chapter.
5.3 Experimental arrangement
5.3.1 Specimen and material
To validate the proposed analytical model described in the last section, an experimental
apparatus was constructed where sandwich beam specimens were subjected to a three-
point bending load and a simultaneous temperature gradient through the thickness.
The sandwich beam specimens were manufactured using a 15 mm thick Divinycell H100
foam core and 1 mm thick aluminium alloy face sheets (AA6082-T6). The manufacture
approach is the adhesive method as has been described in Chapter 2 Section 2.2.2. The
face sheets were bonded to the core using SA80, an adhesive lm provided by Gurit UK.
The adhesive lm was cured under uniform pressure inside a vacuum bag to achieve a
uniform bond layer, minimal thickness and low void content. The adhesive was cured
at 80C for a duration of 12 hours. The cured adhesive layer was measured about 0.1
mm thick, which is much thinner than the thickness of the core (15 mm) and hence
is negligible in the analysis of the mechanical behaviour of the sandwich structures.
Sandwich beam specimens with a dimension of 240 mm  50 mm (length  width) were
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of 200 mm was used as to provoke a failure mode by core shear yielding rather than face
sheet yielding or wrinkling.
Aluminium alloy (AA6082-T6) was chosen as the face sheet material due to its very
high thermal conductivity, thus a uniform temperature through the face sheet can be
conveniently achieved. Additionally, its stiness is virtually independent of temperature
over the range applied in the current work [33]. Six dog-bone shape specimens with a
gauge area of 50 mm  12.5 mm were manufactured to conduct tensile tests at room
temperature to obtain the elastic properties for the face sheet material, in reference to
the ASTM standard [92]. The Young's modulus and Poisson's ratio were obtained as
71.0  1.4 GPa and 0.30  0.02, respectively. The yield strength was obtained as 284.0
 1.8 MPa.
Divinycell H100 PVC foam was selected as the core material. The elastic properties
at room temperature and the thermal degradation path of the elastic moduli have been
characterised as described in Chapter 4. To investigate the core shear yielding failure
of the sandwich beam specimen, the elasto-plastic shear stress-strain curve of the Di-
vinycell H100 foam was also obtained and shown in Figure 5.2. The shear stress-strain
curve was obtained using the modied Arcan rig by Siavash Talebi Taher [24,91] (one
part of the research collaboration as shown in Figure 1.1). It can be seen that both the
shear modulus and maximum shear stress decrease with the increase of the temperature.
Additionally, it is observed in Figure 5.2(a) that the specimens tested at dierent tem-
peratures appear to yield at an approximately the same strain value of 0.05. The shear
yield strength of Divinycell H100 is extracted from the stress-strain curves as shown
in Figure 5.2(a) and the values normalised against the ambient temperature values are
plotted in Figure 5.2(b) together with the master curve of the temperature dependence
of the elastic moduli obtained in Chapter 4. For convenience, the shear yield strength
or elastic limit was dened as the shear stress at 2% plastic strain as suggested in [48].
It was observed that the thermal degradation of the shear strength is very similar to
the elastic stiness degradation, albeit is slightly greater. Accordingly, one curve was
proposed to describe the thermal degradation of the shear yield strength, by tting the
curves in Figure 5.2(a) to a third-order polynomial to give:
cy(T) = cy(T0)( 1:73  106T3 + 2:05  10 4T2   1:45  10 2T + 1:26) (5.11)
where T represents the temperature, T0 represents the room temperature (25C). cy is
the shear yield strength, and the value at 25C was obtained as 1.21 MPa.
The mechanical properties of the aluminium face sheet (AA6082-T6) and the Di-
vinycell H100 foam at room temperature are summarised here and listed in Table 5.1.
The subscripts x and z represent material properties in the in-plane and through thick-
ness (transverse) directions, respectively. The data shown in Table 5.1 and Equation 4.7,
Equation 5.11 are used as inputs in the analytical and FE models of sandwich structures
as described in the following sections of this chapter.
88Figure 5.2: (a) Shear stress-strain curve of Divinycell H100 foam at dierent temper-
atures [91], (b) normalised thermal degradation path of the modulus and shear yield
strength of Divinycell H100 foam
Table 5.1: Mechanical properties of aluminium alloy AA6082-T6 and Divinycell H100
foam at 25C
Material Ez(MPa) Ex(MPa) Gxz(MPa) xz y(MPa) y(MPa)
AA6082-T6 71000 71000 27307 0.3 284 -
Divinycell H100 132 58 32 0.2 - 1.21
5.3.2 Loading schematic and deformation measurement
The loading schematic and photograph of the experimental apparatus are shown in
Figure 5.3 and Figure 5.4, respectively. The photograph shows the test rig mounted in
an Instron 8502 servo-hydraulic test machine. The rig comprises two 16 mm diameter
roller supports at each end of the beam, which are mounted on the test machine actuator
using a large steel support. The upper face sheet is heated directly using an infrared
lamp. A xture that is attached to the cross head via the load cell is used to introduce
the load at the mid-span in the upper face sheet. To introduce the three-point bending
89Figure 5.3: Loading conguration
Figure 5.4: Photograph of experimental apparatus
load the mid-span xture remains stationary, whilst the two lower supports are moved
upwards by the actuator. The simply supported boundary condition was adopted to
enable free thermal expansion of the sandwich beam specimens before loading, thus
the thermally induced stress only results from a mismatch of the coecients of thermal
expansion of the face sheet and the core and can be considered as minimal in the present
work. Therefore the eect of thermal expansion can be neglected in the analysis.
To validate the predicted elastic deformation as shown in Equations 5.1 - 5.9, a
concentrated transverse load, P, was introduced at the mid-span with a 16 mm diameter
steel roller directly contacting with the top face sheet of the sandwich beam specimen
(see upper inset in Figure 5.4). To validate the predicted core shear yielding load given
90by Equation 5.10, a pad was used between the roller and the upper face sheet that
distributes the load to avoid localised indentation. The loading pad was made of a block
of sti rubber (shore A90) and a thin aluminium face as shown in Figure 5.4 and bonded
to the upper face sheet.
5.3.3 Introduction of a temperature gradient
The work in this section is primarily conducted by Dr Richard K Fruehmann as one
part of the research collaboration as shown in Figure 1.1.
In this section, the introduction of a linear temperature gradient through the core
thickness is introduced. The specimen used here is longer and thicker than the sandwich
beam specimen as shown in Figure 5.3, but the only change of the specimen dimension
but maintains the same face sheet and core material does not practically aect the
temperature distribution.
A through thickness temperature gradient was achieved by heating the upper surface
of the specimen using an infrared (IR) radiator (see Figure 5.4), while maintaining the
lower face sheet at ambient temperature. To enhance the heat absorption of the top
face sheet, it was sprayed by a thin layer of black paint. This method of creating
a temperature gradient was selected because it provides a non-contact solution that
replicates heating through solar radiation. Having a non-contact heat introduction also
facilitates the assessment of any nonuniformity of the surface temperature eld. One
problem is that the nite width of the specimen leads to a nonuniform temperature
distribution across the specimen width due to heat losses at the specimen sides. However,
the two dimensional analytical or FE models necessarily assume a constant temperature
across the width. To reduce the width-wise temperature gradient, insulation in the form
of additional PVC foam was placed on both sides of the specimen during the heating
process (see Figure 5.4).
To assess the temperature distribution (especially across the specimen width and
thickness) a combination of IR thermography (to obtain surface temperature distribu-
tions) and thermocouples (to obtain internal temperature distributions) was used. In
these investigations a 30 mm thick Divinycell H100 foam core was used. To facilitate
the introduction of the thermocouples, 2 mm diameter holes were drilled into the core
material at various locations; these are shown in Figure 5.5. To measure the temperature
distribution across the specimen width, four holes were drilled through the bottom face
sheet to nominal depth of 3 mm below the upper face sheet and spaced 7.5 mm apart
across the width of the specimen at the mid-span. To measure the temperature distri-
bution along the specimen length, a further three holes were drilled at 75 mm intervals
along the specimen length on the width-wise central axis. To measure the through-
thickness temperature distribution four more thermocouples were also placed 7.5 mm
apart through the thickness of the core. The holes for these were drilled through the
core material from the side of the specimen starting at 3 mm below the top face sheet
to 4.5 mm from the bottom face sheet, laterally oset by 2.5 mm across the specimen
91Figure 5.5: Arrangement of thermocouples across the specimen width, length and thick-
ness, taken 3 mm below the specimen surface
Figure 5.6: Temperature distribution across the specimen width, thickness and length,
read from thermocouple
92width. The lateral oset was introduced to reduce the eect of the upper holes on the
heat transfer from the top face sheet to lower holes that would occur if all the holes were
drilled to the same depth. The temperature measurements from each of the three sets
of the thermocouples are shown in Figure 5.6 for a top surface temperature of 80C. It
can be seen that the temperature distribution across the specimen length and width is
practically uniform, with up to 4C dierence between the mid-plane and the specimen
edge. The temperature distribution through the core thickness is approximately linear.
The through thickness temperature prole was also assessed using IR images of the
specimen side using a Silver 480M detector with a 320  256 pixel indium antimonide
cooled detector, manufactured by Cedip Infrared Systems. Figure 5.7 shows the tem-
perature prole along the specimen side immediately after removal of the insulation. At
rst the prole is roughly linear as assumed in the modelling. Over time, the prole
becomes nonlinear due to the heat loss from the specimen side surface, indicating a
nonuniform temperature distribution across the specimen width. It can be seen that
the temperature across the 1 mm thick face sheets is approximately uniform. As the
insulation must be removed to enable the specimen side to be observed for DIC, it is
imperative that the loading is conducted quickly while the temperature gradient is still
close to linear, preferably in less than 30 seconds.
The bottom face sheet temperature was also observed increasing slightly when the top
face sheet was heated. For the beam specimen as shown in Figure 5.4, the temperature
on the top and bottom face sheets were measured at dierence cases as listed in Table
5.2. The increase of the bottom face sheet temperature is about 4C if the top face sheet
temperature increases by 20C. The deection behaviour of sandwich beam specimens
at the temperature cases as listed in Table 5.2 are to be investigated experimentally.
Figure 5.7: Decay of surface temperature after removal of side insulation (data from IR
thermography)
93Table 5.2: Temperature of the top and bottom face sheets
Case 1 Case 2 Case 3 Case 4
Tt 25C 50C 70C 90C
Tb 25C 31C 35C 39C
5.3.4 Experimental procedure
The experimental procedure can be summarised as follows:
1. The sandwich beam specimen was positioned on the three-point bending jig. The
white light camera for the DIC was focused on the front side surface of the specimen
with the side insulation in position as shown in Figure 5.4.
2. The top face sheet was heated to a required temperature and held till a steady
temperature equilibrium state, established by thermocouple readings from the top
face sheet.
3. The insulation foam on the front side was removed to enable images of the specimen
side surfaces to be captured by the camera.
4. To investigate the elastic deection of the sandwich beam specimen, load was
applied in a displacement rate of 0.05 mm/s until P is equal to 600 N. To investigate
the core shear failure, load was applied in a displacement rate of 0.1 mm/s until
the specimen failed. Images of the specimen side surface as well as the load cell
reading were recorded synchronously.
It can be seen that here the mechanical load was applied after that the specimen
has reached to a temperature equilibrium, and the temperature equilibrium is thought
to be unchanged during the loading process. The thermomechanical load could be also
introduced by dierent paths such as applying the mechanical load and then heat the
specimen or applying the mechanical and thermal loading simultaneously. In the linear
elastic deformation region of the specimen, the load-deformation response should be in-
dependent of the loading sequence; however the nonlinear behaviour could be dependent
on the loading sequence.
5.4 Finite element modelling
A 2D linear elastic nite element (FE) model was constructed using the commercially
available software ANSYS 13.0 to compare with the predictions of the proposed analyt-
ical model. The geometrical model, FE mesh, boundary conditions and load introduc-
tion are depicted in Figure 5.8. A half beam model was adopted as the sandwich beam
behaves symmetrically about the mid-span. 8-noded linear-elastic quadratic elements
(PLANE82) were used for both the face sheets and the core. The thin bonding layer at
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FE model contains 4 elements through the thickness of the face sheets and 25 elements
through the core thickness. The nodes on the interface of the face sheet and core were
joined, thus imposing displacement compatibility across the face/core interfaces. Mesh
renement in the length direction was provided near the area of load introduction at
the mid-span and side support to facilitate the local stress concentrations. An elabo-
rate mesh convergence study was conducted with respect to the mid-span deection to
achieve a fully converged FE solution. The node at the side support was constrained in
the z direction, and the nodes at the right edge (mid-span actually) were constrained in
the x direction. A load of P/2 was applied on the node at the top-right corner (i.e. at
mid-span). A linear temperature gradient was applied through the core thickness. The
variation of the temperature is dened to be constant through the volume of face sheets.
The elastic properties of the Divinycell H100 and the aluminium face sheet as described
in Section 5.3.1 were used as inputs for material properties in this model.
Figure 5.8: Geometrical model, mesh, boundary constraints and load introduction in
the FE modelling
5.5 Results and discussion
Figure 5.9 shows the core shear stress obtained by the analytical model and the FE
model, respectively. Here, the temperatures of the top and bottom face sheets were
held at 90C and 40C respectively, which results in a large core stiness gradient in
the through thickness direction. The load P was 600 N, which is low enough to ensure
that the sandwich beam deforms elastically. Figure 5.9(a) shows the distribution of the
core shear stress obtained by the FE model. It can be seen that the core shear stress is
approximately uniform in the thickness direction in the area away from the side support
and mid-span. A detailed distribution of the core shear stress along line 'A' (through
thickness) in Figure 5.9(a) is plotted in Figure 5.9(b). The FE model shows that the
largest core shear stress exists in the geometrical mid-plane and it decreases slightly
towards the face sheet. This agrees well with the assumption in the analytical model
that the neutral plane remains at the geometrical mid-plane regardless of a transverse
core stiness variation. Furthermore, the core shear stress variation through the core
95Figure 5.9: Core shear stress distribution, Tt = 90C, Tb = 40C, P = 600 N. (a) Shear
stress obtained by FE, (b) shear stress along line 'A' obtained by FE and the analytical
model
thickness is less than 1%, which indicates that the core shear stress is almost uniform
through the thickness. The shear stress distribution through the core thickness obtained
by Equation 5.2 is also plotted in Figure 5.9(b). It can be seen that the core shear stress
value obtained by the FE model agrees excellently with the prediction by the analytical
model.
Figure 5.10 shows the distribution of the core shear strain obtained by the analytical
model, the FE model and experiments. The temperatures of the top and bottom face
sheets were held at 90C and 40C respectively, and the load P was 600 N. Figure
5.10(a) depicts the core shear strain distribution obtained by the FE model. A signicant
core shear strain gradient through the core thickness is seen, where larger shear strain
exists near the top face sheet and it decreases toward the bottom face sheet. Figure
5.10(b) shows the core shear strain obtained using DIC in the experiments. For a better
strain resolution, specimen images were recorded only over a section of the sandwich
beam indicated by the area 'A' (30 mm  16 mm) shown in Figure 5.10(a). The
experimentally obtained core shear strain pattern is similar as that obtained by the FE
model, where larger core shear strain exists in the area closer to the top face sheet. A
detailed comparison between the shear strain along line 'B' (through thickness) obtained
by the analytical model, FE and experiments is shown in Figure 5.10(c). It can be seen
that the analytical model shows an excellent agreement with the FE predictions. The
experimental result also agrees well with the analytical model, although a larger shear
96Figure 5.10: Core shear strain distribution, Tt = 90C, Tb = 40C, P = 600 N. (a) core
shear strain distribution obtained by FE, (b) core shear strain distribution obtained by
experiment, (c) core shear strain distribution along line 'B' in (a)
strain was measured at the position near the top interface, albeit this large outlier
measurement is probably due to the diculty of strain assessment here by DIC. The
experimental value of shear strain is consistently slightly larger (2% to 5%) than the
analytical and FE values. This may be attributed to a smaller density in the foam than
that used to obtain the material properties. According to the manufacturer, around 10%
variations in density from batch to batch can be expected as a result of the manufacturing
process.
Figure 5.11 shows a typical deection map of the sandwich beam specimen obtained
by DIC. Here the specimen was loaded at the room temperature (25C), and the load P
was 600 N. As the transverse load P was introduced by moving the side support upward
97and keeping the centre roller xed, larger motion can be seen near the side support but
the mid-span is nearly motionless. Nearly no transverse core compression was observed in
the area away from the mid-span and side support, which agrees well with the assumption
in the analytical model that the thickness of the core is unchanged when subjected to a
bending load. A localised transverse core compression was observed at the core near to
the mid-pan due to the concentrated transverse load P, but signicant core compression
only exists in the core area adjacent to the top face sheet and the compression between
the mid-plane and the bottom face sheet is quite small. The deection of the position
at both the mid-span and the mid-plane (or neutral plane) is taken as the 'deection of
the mid-span'.
Figure 5.12 shows a comparison of the mid-span deections of the sandwich beam
specimen obtained by the analytical model, the FE model and experiments. Three
Figure 5.11: Full-eld displacement of the specimen obtained using DIC
Figure 5.12: Comparison of the mid-span deection obtained by the analytical model,
FE and experiments
98specimens were tested at each temperature case as shown in Table 5.1. The standard
deviation of the experimentally obtained deection is also shown in Figure 5.12 by the
error bar, in which it can be seen that the precision of the measured deection is better
than 0.1 mm. The analytical model shows an excellent agreement with the FE model.
The dierence between the experimental data and the analytical prediction on the mid-
span deection is smaller than 5% for all the temperature cases, which demonstrates good
agreement. The experimental deection at 50C and 70C is slightly smaller than the
analytical value which could be caused by heat loss at the side surface of the specimens.
The experimental deection at 90C is slightly larger than the analytical value which
could be due to signicant core compression at the mid-span although heat loss at the
side surface of the specimen is also possible.
Figure 5.13 shows the eect of temperature on the core shear yielding failure. The
obtained load-deection (at mid-span) curves are shown in Figure 5.13(a), where the
legend shows the top and bottom face sheet temperatures for each specimen. It is seen
that the load-deection curves for all the specimens start with a linear stage. At a certain
load value, the load-deection curves become nonlinear as shown at points 'A' and 'C'.
The core shear strain pattern of the specimen at state 'A' and 'C' are obtained using
DIC and shown in Figure 5.13(b) and Figure 5.13(c), respectively. In Figure 5.13(b),
inhomogeneous core shear yielding zones in the direction of about 45 were observed.
This is a typical feature of core shear yielding of sandwich structures with homogeneous
core [73]. In Figure 5.13(c) the core shear strain at the area adjacent to the top interface
Figure 5.13: (a) Load-deection curve of sandwich beam specimens at dierent temper-
atures, (b) shear strain prole of the sandwich beam specimen at 'A', (c) shear strain
prole of the sandwich beam specimen at 'C', (d) compressive strain prole of the sand-
wich beam specimen at 'B'
99is larger than the core yield strain (5%) indicating that core shear yielding has occurred
here.
The nonlinear part of the curves shown in Figure 5.13(a) is followed by an approx-
imate plateau, where the core has completely yielded and the beam specimen cannot
withstand further shear load. In the 'plateau' region of the curves, the load actually
increases slightly with increase in deection. This corresponds with the stress-strain
behaviour given Figure 5.2(a) where the shear stress in the foam core always increases
slightly with the increase of the shear strain in the post yield region. The nal stage
is where the load decreases with increasing deections, marked by a feature as shown
at point 'B' in Figure 5.13(a). Here, core crushing underneath the loading pad was ob-
served, as clearly shown in Figure 5.13(d) in which the compressive strain in this region
is around 30%. The core crushing was also observed by eye from the recorded image (or
video) les. The reason for this core crushing may be that the core shear yielding has
propagated to the area underneath the loading pad thus the compressive strength of the
core in this area become much lower. Figure 5.13 clearly illustrates that the failure of
all specimens was initiated by the core shear yielding, and that the core shear yielding
started at the core region with the maximum temperature.
Figure 5.14 shows a comparison of the predicted yield initiation load and the ex-
perimental results. The analytical failure load was calculated using Equation 5.10 and
the core shear yield strength given in Section 5.3.1. For a clear comparison, the an-
alytical yield initiation load is indicated on the experimental load-deection curves in
Figure 5.14. The analytical yield initiation load agrees well with the end of the linear
region of the experimental load-deection curve. An exception is the specimen tested at
90C where the predicted yield initiation load is slightly smaller than given experimen-
tally. This could be due to that the core yielding region is very small (i.e. the region
Figure 5.14: Comparison between the predicted failure load by core shear yielding and
experiments
100very close to the top face sheet), even though the core near to the top face sheet has
yielded. If this is the case, core yielding will not result in signicant nonlinearity of
the global load-deection curve. As the load increases, a larger area of the core yields
and then the load-deection curve becomes signicantly nonlinear. A very small area
of plastic deformation may not aect the overall linearity of the load-deection curve,
but it might signicantly reduce delamination and fatigue resistance. Nevertheless, a
signicant reduction of the load where core shear yielding initiates is shown at elevated
temperatures.
5.6 Conclusion
The behaviour of polymer foam cored sandwich beams with a through thickness tem-
perature gradient (thus a core stiness and strength gradient) has been investigated. A
modication of the classical (rst order shear deformation) sandwich beam theory has
been proposed to predict the elastic stress/strain distribution, elastic load-deection be-
haviour and initiation of core shear yielding. The new analytical approach takes account
of the core stiness variation due to a temperature gradient in the thickness direction.
It is predicted that the core stiness variation in the through thickness directions ex-
erts marginal inuence on the stress/strain state and consequently the global bending
stiness of the sandwich beam assembly. It is shown, that the core shear stress remains
uniform in the thickness direction despite the temperature gradient or core stiness
gradient. However, at the same time the modied sandwich theory shows that the cor-
responding core shear strain distribution could be highly nonuniform, and accordingly a
nonlinear sandwich cross section plane is developed after deformation. The stress state
of the core also indicates that core shear yielding will start at the area with the highest
temperature over the beam cross section. An experimental methodology has been estab-
lished where sandwich beam specimens are subjected to simply supported three-point
bending and a linear temperature gradient is imposed through the core thickness. The
deformation of the specimen is assessed by 2D DIC. Elastic FE models have also been
constructed. The proposed analytical model shows excellent agreement with both the
experimental and the FE results with respect to the core stress/strain state, the elastic
load-deection response and the core shear yielding initiation load.
The yield initiation load by core shear yielding has been found to reduce signicantly
with the increase of temperatures. However, the failure load by face sheet yielding is not
aected by the elevated temperature condition if the mechanical properties of the face
sheet are independent of temperature. Other failure mode such as localised buckling
(instability), which is dependent on the core stiness, would be also aected by elevated
temperatures. The study on the inuence of elevated temperatures on the localised
buckling of sandwich structures will be described in the following chapters.
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6.1 Introduction
Except for the core shear yielding, the stability of polymer foam cored sandwich struc-
tures in the form of localised buckling or wrinkling may also be altered by an elevated
temperature condition as predicted by [14,17]. However, as has been discussed in Chap-
ter 2, so far experimental validations to conrm the onset of the unstable behaviour has
not been conducted and reported. Therefore, a critical experimentally based investiga-
tion needs to be conducted to further understand the thermomechanical load response of
polymer foam cored sandwich beams subjected to simultaneous mechanical and thermal
loadings.
The work presented in this chapter aims to assess if the predicted instability due to
the thermomechanical interaction eects can be triggered experimentally under loading
and boundary conditions modelled in [14] (see Figure 2.15). The experimental investiga-
tion is conducted on polymer foam cored sandwich beams subjected to a typical simply
supported three-point bending load and a through thickness temperature gradient. The
loading conguration is shown in Figure 6.1.
The experiments were conducted over a range of temperatures from 25C to 90C.
The deections of sandwich beam specimens were obtained by DIC. The experimental
results are compared with the predictions of the nonlinear nite element analyses, which
includes geometrical nonlinearity and thermal degradation/reduction of the foam core
elastic properties. The geometrical nonlinear FE analysis has shown to agree well with
the HSAPT prediction with respect to the overall bending stiness and the occurrence
of the localised buckling [93,94].
103Figure 6.1: Loading conguration
The work described in this chapter is co-conducted with Dr Richard Fruehmann
and Mr Hara Naga Krishna Teja Palleti (see Figure 1.1). The experimental set-up
was established by Dr Richard Fruehmann; the FE models were constructed by Mr
Hara Naga Krishna Teja Palleti; the experiments were conducted by the author and Dr
Richard Fruehmann.
6.2 Materials and specimens
Aluminium alloy (AA6082-T6) was chosen for the face sheet due to its high thermal
conductivity and minimal loss of the stiness over the temperature range from 25C to
90C. The mechanical properties have been experimentally obtained as described in Ta-
ble 5.1. The Divinycell H100 foam was chosen as the core material, and the temperature
dependence of the elastic properties has been described in Chapter 4. The route of the
manufacture of sandwich beam specimens is the same as described in Chapter 5 Section
5.3.1.
Initially, the thickness of the face sheet and core of the beam specimen were selected
as 0.9 mm and 25 mm, respectively. Sandwich beam specimens of 455  50  27 mm
(length  width  thickness) were cut from a larger panel and subjected to three point
bending with simply supported ends, as shown in Figure 6.1 (the support span is 450
mm). The specimen was designed with a large aspect ratio (ratio of length to thickness)
aiming to provoke the predicted localised buckling without the preceding of any core
shear yielding failure.
6.3 Experimental procedure
The actual experimental apparatus is shown in Figure 6.2. The mechanical load was
introduced using a servo-hydraulic test machine via a 12 mm diameter steel roller in the
centre and simple support at the ends. The sandwich beam ends overhung the support
by 2.5 mm. Here, a free-to-rotate platform was used as the simple support here rather
than the normally used rollers, this is because the test xture was designed to also ac-
commodate other boundary constraints such as both the x and z direction displacement
104Figure 6.2: Actual experimental set-up
are xed at the specimen ends as modelled in [14]. However, only the simple support
boundary constraint was investigated in this study. The load was introduced by moving
downward the roller at the mid-span while the side support was xed. As the specimen
was loaded, images were captured with the 5 mega pixel LA Vision VC-imager E-lite
digital camera (with a frame rate of 2 Hz), and DIC was used to obtain the specimen
displacement during the loading. Images of the side surface of the beam specimen were
recorded synchronously with the load data. Image correlation was conducted between
the recorded images in reference to the image captured at zero load in the software
Davis 7.4 with subsets of 64  64 pixel. The displacement accuracy was veried to be
about 0.02 pixel by performing image correlation between two images of a specimen
without loading. A typical specimen displacement eld obtained using DIC is shown
in Figure 6.3. It is seen that the largest displacement occurs at the mid-span, and the
displacement decreases symmetrically towards the two ends of the specimen.
The through thickness thermal gradient was introduced similarly as described in
Chapter 5 Section 5.3.3. The upper surface of the specimen was heated using an infrared
radiator. The lower face sheet was maintained at room temperature by means of forced
convection of the air below the specimen using an electric fan. A linear temperature
distribution through the core thickness was also observed by using the Silver 480M IR
detector.
The test procedure was dened as follows:
1. The specimen was positioned on the simply supported three-point bending jig.
105Figure 6.3: Displacement eld obtained by DIC in the elastic region
The camera was positioned and focused on the front side surface of the specimen.
2. The insulation was positioned at the side surface of the specimen. The top face
sheet was heated to the required temperature and held until a steady tempera-
ture state was achieved and the specimen was allowed to expand freely under the
thermal loading.
3. The insulation was removed on one side to enable images of the specimen defor-
mation to be obtained.
4. The load was applied in displacement control at a rate of 20 mm/min until the
specimen failed. The relatively fast loading rate ensures that the core temperature
prole remains linear till the end of the test. The Images of specimen side surface
and the reading of the load cell were recorded at 2 Hz.
6.4 FE Modelling
The FE modelling introduced in this section was conducted by Hara Naga Krishna Teja
Palleti as a part of the research collaboration as shown in Figure 1.1. The FE model is
briey introduced here, and details can be found in [95].
2D geometrically nonlinear elastic nite element models were conducted to investi-
gate the thermomechanical interaction, using the software package ABAQUS/Standard
ver. 6.10. As the sandwich beam deforms symmetrically about the mid-span, a half
beam model was adopted. Figure 6.4 shows the nal nite element mesh and load in-
troduction used in the half span beam model, which was the result of an elaborate mesh
convergence study. The FE model contains 4 elements through the face sheet thickness
and 20 elements through the core thickness. 8-noded plane stress quadratic elements
with reduced integration (CPS8R) are used. Elaborate mesh renement is provided
in the vicinity of load introduction at mid-span and near supports. The FE model is
106Figure 6.4: Finite element model of simply supported sandwich beam subjected to mid-
span point load
informed with the measured equilibrium temperatures in accordance with the corre-
sponding thermal gradients obtained in the experiments. A linear temperature gradient
is applied across the core thickness, and the temperature through the face sheet is dened
to be uniform. In the model solving procedure, geometrically nonlinear deformation is
allowed to facilitate the predicted localised buckling at the mid-span.
6.5 Results and discussion
A set of tests were conducted where the top face sheet of the specimens were held at
25C, 50C, 70C and 90C, and the deection of the top face sheet at the mid-span
was measured using DIC. The obtained load-deection curves are shown in Figure 6.5.
All the load-deection curves start with a linear trend. The gradient of the linear trend
reduces with the increase of the top face sheet temperatures. This is due to the loss of
the core shear modulus at elevated temperatures as has been thoroughly described in
Chapter 5. The linear trend extends till a sudden drop of the load. The reason for this is
that face sheet indentation and core crushing occurred followed by face-core debonding,
as depicted in Figure 6.6. A comparison between the prediction by the geometrically
nonlinear but material linear elastic FE model and the experimental results is shown
in Figure 6.7. The load-deection curves derived by the FE model also starts with
a linear trend, and this gradient of the linear trend agrees well with the corresponding
experimental results. The load-deection curve obtained by FE extends to the stage that
load-deection gradually becomes nonlinear, indicating the occurrence of the localised
buckling of the top face sheet at the mid-span (eventually leading to loss of instability if
the straining capability of the core and face materials was innite). The load-deection
curve obtained by the FE model has been found to agree well with the prediction of
the HSAPT model [94]. It is clearly shown that the nonlinear behaviour predicted by
the HSAPT model (driven by geometric nonlinearity combined with a reduction of core
stiness with increasing temperature), is in all cases preceded by the indentation with
core compressive yielding (plasticity). For this particular specimen, the failure load by
localised indentation is approximately 1/5 of the load that triggers a localised buckling
behaviour. Accordingly, if the support span of the current sandwich beam specimen
becomes longer by over 5 times, the value of P that triggers the indentation remains
107Figure 6.5: Load-deection of sandwich beam specimens tested at dierent temperatures
Figure 6.6: Image of indentation zone in a typical failed sandwich beam specimen
Figure 6.7: Top face sheet load-deection curves comparing experimental and elastic
FEA results
108the same but the value of P provoking the localised buckling of the top face sheet
near the mid-span is smaller by 5 times, thus the predicted localised buckling may be
experimentally observed. However, the sandwich beam specimen with such large aspect
ratio is unrealistic to be manufactured and tested by facilities in normal laboratories.
An alternative approach to provoke the loss of stability by using realistic sandwich
beam specimens in laboratories but without the preceding of localised indentations is to
introduce a distributed pressure transverse load rather than the concentrated transverse
load. In this case, a large bending moment can be generated for the specimen but with
a small core compressive stress in the through thickness direction. This distributed
pressure could be introduced by using loading pads such as rubber block positioned
between the loading rollers and the specimen surfaces. However, the loading pad prevents
a uniform temperature to be achieved at the location of interest (at the mid-span). In
addition, the pressure load underneath the rubber pad load is dicult to characterise
and it may also change signicantly as the exure of the beam specimen. This results
additional challenges for the implementation of the HSAPT and FE models.
Based on above considerations, it was decided to adopt a four-point bending con-
guration to investigate the temperature inuence on the stability (localised buckling)
of polymer foam cored sandwich structures. In the four-point bending conguration,
the beam section near the mid-span is theoretically subjected to a pure bending with
the largest bending moment. Thereby, the localised buckling should happen near the
mid-span. The transverse load can be introduced through loading pads and the shape
of the pressure load underneath the loading pad does not exert a signicant inuence
on the bending behaviour of the specimen near the mid-span, thus the pressure load
underneath the loading pad is not required to be accurately characterised. Additionally,
to introduce a uniform elevated temperature across the face sheet near the mid-span is
very convenient as the heat radiation from an infrared lamp to the specimen mid-span
region is not blocked by any parts of the four-point bending jig. A detailed study on the
inuence of elevated temperatures on the stability of sandwich beams using a four-point
bending conguration is introduced in the next chapter.
6.6 Summary
An experimental methodology has been developed attempting to validate the thermally
induced instability (localised buckling) predicted by the HSAPT model [14]. A series of
experiments has been conducted for a polymer foam cored sandwich beam with the top
face sheet held at 25C, 50C, 70C and 90C.
The thermomechanical interaction eects, which may change a linear and stable load
response of a sandwich structure into becoming nonlinear and unstable as predicted by
the HSAPT models, have been shown to be very dicult to provoke in a laboratory
test set-up involving application of localised/concentrated mechanical loading. Thus,
the specimens tested at all temperatures failed by the localised indentation. However, it
109is still possible to trigger predicted instability due to the thermomechancial interaction
using the typical three-point bending conguration but using specimens with a very
large aspect ratio.
Model predictions involving very complex thermomechanical interaction eects should
be validated by experiments. The four-point bending conguration is deemed as a more
realistic loading conguration with convenient of introduction of distributed mechanical
loading along a well dened thermal eld. The study on the inuence of elevated tem-
peratures on the instability (localised buckling) of sandwich beams using the four-point
bending conguration is to be introduced in next chapter.
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7.1 Introduction
As has been briey introduced in Chapter 6, the objective of the work presented in
this chapter is to conduct a critical experimentally based investigation on how the ele-
vated temperature aects the stability of sandwich beams using the four-point bending
conguration. The work in this chapter aims to assess if the face sheet wrinkling or
localised buckling may occur at elevated temperatures while it does not happen at room
temperature.
To guide the design of the specimen geometries and dimensions, a modication of
Plantema's wrinkling analysis was proposed and suggested to calculate the critical wrin-
kling stress when the core material is inhomogeneous in the transverse (thickness) direc-
tion. This is considered to be more accurate than a modication of Ho and Mautner's
wrinkling analysis proposed by Birman [17], because the assumption by Plantema that
the wrinkling wave amplitude decays exponentially towards the core is more realistic
than the assumption of a linear decay by Ho and Mautner. A correct wrinkling wave
decay manner is very important when the variation of the core stiness is accounted for,
as it aects very much about the distribution of the deformation energy and thereby the
critical instability load value.
To experimentally identify the occurrence of face sheet wrinkling is still a challenge,
as the wrinkles rapidly trigger face sheet and core plastic deformations. In this work, a
novel technique is developed to characterise the face sheet wrinkling by using high-speed
imaging and DIC (digital image correlation). By this technique, not only the critical
wrinkling stress but also the amplitude and wavelength of wrinkles can be obtained
111experimentally.
7.2 A modication of Plantema's wrinkling analysis
In this section, a modication of Plantema's wrinkling analysis is proposed by accounting
for the stiness variation in the core transverse (thickness) direction which is induced by
a temperature gradient. A schematic of face sheet wrinkling is shown in Figure 7.1. Both
the face sheet and core have a unit width. The face sheet is subjected to a compressive
load F, and hence the compressive stress of the face sheet is F
tf . The amplitude of the
wrinkling wave is denoted by W, and the half wavelength is denoted by l. The face
sheet is assumed to be isotropic, and with a Young's modulus Ef. The face sheet is also
assumed perfectly at before wrinkling. Ec(z) and Gc(z) are the Young's modulus and
shear modulus of the core, which are functions of the through thickness coordinate z. If
the through thickness variation of temperature is known, and the dependency between
the elastic moduli of the core and temperature is known, then the variation of Ec, Gc
through the core thickness can be derived. Here, Ec(z) and Gc(z) are represented by
general polynomial series expansions in terms of z:
Ec(z) = Ec0(1 +
n X
1
anzn)
Gc(z) = Gc0(1 +
n X
1
anzn)
(7.1)
where the coecients an are constants.
By assuming that the amplitude of the wrinkling wave varies harmonically in the
longitudinal direction, and decays exponentially through the core thickness away from
the wrinkled face, as in [10] the following expression is obtained:
w(x;z) = We kzsin
x
l
(7.2)
where k is a constant which reects the rate of decay of the wrinkling wave amplitude
in terms of the through thickness coordinate z.
Figure 7.1: Schematic of face-sheet wrinkling
112If it is further assumed that the wrinkling does not cause any displacement in the
x direction, the core normal stress and shear stress resulting from the wrinkling are
expressed as follows:
cz = Ec(z)
@w
@z
=  kEc(z)We kzsin
x
l
cz = Gc(z)
@w
@x
= Gc(z)We kz
l
cos
x
l
(7.3)
Hence, strain energy stored in the core, Uc, due to core deformation is:
Uc =
1
2
Z l
0
Z tc
0
Ec(z)2
czdxdz +
1
2
Z l
0
Z tc
0
Gc(z)2
czdxdz
=
W2kl
8
Z tc
0
2kEc(z)e 2kzdz +
W22
8kl
Z tc
0
2kGc(z)e 2kzdz
(7.4)
The bending strain energy in the face sheet, Uf, is obtained as:
Uf =
Df
2
Z l
0
(
d2wf
dx2 )2dx =
W24Df
4l3 (7.5)
where Df is the bending stiness of the face sheet.
The change of potential energy of the external load, UF, during wrinkling is written
as:
UF =  
1
2
Z
F(
dwf
dx
)2dx =  
FW22
4l
(7.6)
The total potential energy, U, is the sum of the expressions given by Equations 7.4,
7.5 and 7.6, i.e.:
U =
W24Df
48l3 +
W2kl
8
Z tc
0
2kEc(z)e 2kzdz +
W22
8kl
Z tc
0
2kGc(z)e 2kzdz  
FW22
4l
(7.7)
Following the approach used in [10] and minimising U with respect to W, a nontrivial
solution is obtained:
F =
2Df
l2 +
kl2
22
Z tc
0
2kEc(z)e 2kzdz +
Z tc
0
Gc(z)e 2kzdz (7.8)
It can be seen that Equation 7.8 gives F as a function of both the decay rate, k, and
the half wave length of the wrinkle, l. Therefore to identify a minimum value of F it is
necessary rstly to dierentiate Equation 7.8 with respect to l and equating to zero to
give a value of l for the critical wrinkling load:
l = 
s
Df
k2 R tc
0 2kEc(z)e 2kzdz
(7.9)
113Equation 7.9 indicates that the wavelength of the wrinkle is dependent on the Young's
modulus of the core and the bending stiness of the face sheet but independent of the
shear modulus of the core.
By substituting Equation 7.9 into Equation 7.8 a value for F is obtained that is only
independent of l, as:
F =
s
4Dfk2
Z tc
0
Ec(z)e 2kzdz +
Z tc
0
Gc(z)e 2kzdz (7.10)
Then by dierentiating Equation 7.10 with respect to k and equating to zero it is
possible to establish the critical wrinkling load, Fcr. The resulting expression has the
form of an implicit equation, and accordingly it is not possible to derive closed form
analytical expression for Fcr. However, as Equation 7.10 contains only one variable k
(i.e. the decay rate in Equation 7.2), the critical wrinkling load Fcr can be conveniently
identied using an iterative method such as the simple loop searching method available
in MATLAB. Once Fcr is established then the critical wrinkling stress can be obtained as
cr = Fcr
tf . Hence it is possible to use Equation 7.10 as a basis for designing an experiment
that provokes wrinkling behaviour under the combined action of both mechanical and
thermal loading, which is described in the following sections of this chapter.
7.3 Loading conguration
The four-point bending conguration used in this work is shown in Figure 7.2. The face
sheets are heated to dierent temperatures to generate a temperature gradient through
the specimen thickness, similarly as described in Chapter 5. With a transverse load,
P, as shown in Figure 7.2, the top face sheet carries a longitudinal compressive stress
and the bottom face sheet carries a longitudinal tensile stress, thus face sheet wrinkling
can only occur at the top face sheet. Although the face sheet near the mid-span is not
perfectly at as assumed in the analytical model but with a slight bending curvature due
to the external loading, the bending curvature is very small compared to the short wave
length of the wrinkle. Therefore, it is assumed that Equation 7.10 is still applicable.
The main diculty with the bending conguration is the local indentation at the loading
points. This was mitigated by introducing sti rubber loading pads with an aluminium
alloy face to prevent localised indentation and damage.
7.4 Specimen material and geometry
Aluminium alloy (AA7075-T6) was selected as the face sheet material because of its
large heat conductivity and because its stiness and strength are virtually independent
of temperature over the range considered in this work. Moreover this alloy has a large
yield strength, which means that it is possible to design a specimen to t the size
limitations of a standard test machine so that wrinkling occurs before face sheet yielding.
114Figure 7.2: Schematic of 4-point bending test of sandwich beam with a through thickness
temperature gradient
Figure 7.3: Temperature dependence of stress-strain curve of aluminium alloy 7075-T6
Thus, the inuence of core stiness reduction (softening) due to elevated temperature
on the overall sandwich structure behaviour can be separately investigated. Mechanical
properties (Young's modulus, Poisson's ratio and yield strength) of the aluminium alloy
were tested at dierent temperatures in accordance with ASTM standard E8 [92]. The
stress-strain curves of the AA7075-T6 obtained at dierent temperatures are shown in
Figure 7.3. It can be seen that both the Young's modulus and the yield strength reduce
slightly with increasing temperatures. At 90C, about 5% of the Young's modulus and
8% of the yield strength are lost in comparison to the corresponding values at 25C.
The results show a good agreement with the observations in [33], which investigated
the temperature dependence of aluminium alloys AA2024 and AA7805. At 25C, the
Young's modulus and Poisson's ratio of the AA7075-T6 was measured as 69.1 GPa
and 0.3, respectively. The core material was chosen as Divinycell H100 PVC foam,
and the temperature dependence of its elastic properties has been described in Chapter
4. Sandwich beam specimens were manufactured in the same manner as described in
Chapter 5 Section 5.3.1.
115To ensure that wrinkling will occur during the experiment, the specimen dimensions
and loading span were established using Equation 7.10 as a guide. The temperature
condition was dened so that the top face sheet temperature varies from 25C to 90C
and the bottom face sheet stays at room temperature (25C). The temperature gradient
through the core was dened as linear as has been experimentally observed (see Chapter
5 Section 5.3.3). The temperature through the face sheet thickness was dened as
uniform.
Because of the restriction of the test machine used in the experimental work the
length of the specimen was selected to be 600 mm. The thickness of the face sheet
and core were chosen to be 0.3 mm and 15 mm, respectively. The width was chosen
as 50 mm which is 3.2 times the beam thickness and 1/12 of the beam length, thus
a quite uniform beam exure through the width is guaranteed. The loading span L1
and L2 (see Figure 7.2) were chosen to be 275 mm and 100 mm, respectively. For
this specimen conguration, the critical wrinkling stress of the specimen obtained using
the modication of Plantema's wrinkling analysis is plotted against the temperature of
the top face sheet (Tt) in Figure 7.4. It can be seen that the critical wrinkling stress
decreases as the temperature of the top face sheet increases, with a very steep reduction
beyond 70C. The yield strength of the aluminium face sheet at 25C, 50C, 70C and
90C obtained from Figure 7.3 for 0.2% plastic strain are also shown in Figure 7.4. For
this particular specimen, it can be seen that the predicted critical wrinkling stress is
larger than the face sheet yield strength below 58C so the failure mode will be face
sheet yielding. Above 58C face sheet wrinkling is predicted to be the failure mode. As
the beam is very long core shear failure is eliminated in the beam section L1 as shown
in Figure 7.2.
Figure 7.4: A comparison of the critical wrinkling stress and the yield strength of the
face sheet
1167.5 Finite element analysis
2D nite element models including geometrical nonlinearity but assuming linear elastic
material behaviour were constructed using the commercially available software ANSYS
13.0, and the numerical predictions are compared with the predictions of the modi-
ed wrinkling model of Plantema. Linear elastic material behaviour was assumed for
simplicity, and as wrinkling is typically initiated by elastic instability. The geometri-
cal model, mesh, constraints and load introduction are shown in Figure 7.5. As the
specimen deforms symmetrically about the mid-span in the simply supported 4-point
bending conguration, a half beam model was adopted here. The foam volume was
modelled using 8-node orthotropic elements, while the aluminium face sheet and load-
ing pad were modelled using 8-node isotropic elements. Finer size elements were used
for the area near the mid-span to accommodate the large rotations and deformations
that occur during face sheet wrinkling. In this region, the face sheet element size was
chosen as 0.5 mm  0.3 mm (x  z), and the foam element size was chosen as 0.5
mm  0.5 mm (x  z). For the area away from the mid-span, coarser elements were
used where the face sheet element size was chosen as 2 mm  0.3 mm (x  z), and
the foam element size was chosen as 2 mm  0.5 mm (x  z). To model exactly the
experimental arrangements the rubber loading pads were included; these were assumed
to be isotropic with a Young's modulus of 4 MPa obtained from tensile tests on strips
of the rubber material. A concentrated load (P/2) was introduced at the middle of the
top surface of loading pad. The nodes at beam mid-span (the right edge in Figure 7.5)
were xed in the x direction, and the node at the side support (left in Figure 7.5) was
xed in the z direction. To enable face sheet wrinkling near the mid-span, geometrical
nonlinear deformations were enabled in the FE solving procedure, and the load (P/2)
was imposed in steps. An elaborate mesh convergence study concerning the mid-span
deection at each load step was conducted to ensure that a fully convergent nonlinear
FE solution was obtained. A small load increment (2% of the load predicted to trigger
wrinkling) was used at each load step, and this led to a converged solution.
A typical solution from the FE model is shown in Figure 7.6. Here the temperature
of the model is held constant and homogeneous at 25C, i.e. at room temperature,
so that initial comparisons can be made with the theory given in [10] to validate the
Figure 7.5: Finite element model showing geometrical model, FE mesh, imposed bound-
ary conditions and load application
117model. Figure 7.6(a) shows the relationship between the deection at the mid-span
of the top face sheet and the load (P/2). It can be seen that the deection initially
increases proportionally with the load indicating that the sandwich beam exhibits a
linear load response in this region. From point 'B', the load-deection curve becomes
nonlinear, and it is observed that the deection increases signicantly with a very small
increase of the load. Figure 7.6(b) shows a plot showing the deformed prebuckled state
and the corresponding contours of the through thickness normal stress (z) for a small
load, point 'A' in Figure 7.6(a). It is observed that the through thickness stresses
are practically uniform, and eectively zero even under the loading pad, indicating
its eectiveness in spreading the load. Figure 7.6(c) shows the deformed state at the
wrinkling initiation load level as well as the contours of z at point 'B'. The alternating
tensile and compressive stresses observed in the core underneath the top face sheet result
from the wavy deection pattern of the top face sheet, i.e. the wrinkling. This wavy
deection is more evident at 'C' as is clearly shown Figure 7.6(d). Thus, the FE model
has shown the occurrence of face sheet wrinkling when the compressive stress of face
sheet reaches to a certain value (point 'B' in Figure 7.6(a)), i.e. the critical wrinkling
stress, cr. The critical wrinkling stress was obtained as -547 MPa from the FE model.
This value agrees very well with that calculated by Plantema's wrinkling theory (see
Equation 2.10) of -552 MPa. It is now possible to use the model to assess the accuracy
of the proposed new theory described in Section 7.2 by introducing a through thickness
temperature gradient in the model and hence inhomogeneous core elastic properties.
In addition to the fully geometrically nonlinear FE analysis described above, linear
bifurcation buckling analysis using the 'buckle' mode in ANSYS was also conducted.
This analysis yields the critical instability load and the corresponding wrinkling pattern,
but no information about the post buckled stage. The critical wrinkling stress obtained
by the linear bifurcation analysis in ANSYS is approximately equal to the results that
are shown in Figure 7.6, and the wrinkling pattern obtained is the same as that shown
in Figure 7.6(d) obtained through the nonlinear FE analysis.
From the FE modelling, the critical wrinkling stresses of the sandwich beam specimen
loaded in 4-point bending and with a linear through thickness temperature gradient over
a range of top face sheet temperatures from 25C to 90C where the bottom face sheet
was held constant at 25C were obtained. These are shown in Figure 7.7 plotted against
the top face sheet temperature, and shown alongside the values predicted by the modied
Plantema wrinkling analysis (solving Equation 7.10 iteratively in MATLAB). Figure 7.7
shows that the critical wrinkling stresses derived from the modied Plantema wrinkling
analysis agrees very well with those obtained from the FE model. In fact the dierence
between the two data sets is less than 2%.
118Figure 7.6: Load-deection curve obtained by FE and the deformed shape and transverse
normal stress distributions at loading stages A, B and C
Figure 7.7: Critical wrinkling stress obtained using FE and analytical method for dif-
ferent temperatures at the top face sheet
1197.6 Experimental procedure and deformation measurement
The sandwich beam specimens were loaded by a simply supported four-point bending jig
mounted in an Instron 8502 servo-hydraulic test machine as shown in Figure 7.8. The
top span (L2) of the specimen was selected as 100 mm and the bottom span (2L1+L2)
was 550 mm. A 5 kN load cell was xed on the test machine to record the load data (P).
The top face sheet was heated by an infrared lamp, while the bottom face sheet was
exposed to the ambient temperature. During the heating process, the side surfaces of
the specimen were insulated using polymer foam shields to minimise the heat conduction
from the side surfaces to the ambient air. A linear temperature prole through the core
thickness was observed after the specimen had reached the state of heat equilibrium, as
has been described in Chapter 5 Section 5.3.3. The temperature of the top face sheet
(Tt) was controlled by adjusting the power of the infrared lamp and monitored by a
thermocouple. Four temperature cases were experimentally studied in this work with
the top face sheet heated to 25C, 50C, 70C and 90C, respectively. The corresponding
bottom face sheet temperatures (Tb) were measured by a thermocouple and are listed in
Table 7.1. It was observed that the bottom face sheet temperature also increased slightly
when the top face sheet was heated. The increase of the bottom face sheet temperature
was about 3.5C when the top face sheet temperature increased by 20C.
Table 7.1: Measured temperatures of top and bottom face sheets
Case 1 Case 2 Case 3 Case 4
Tt 25C 50C 70C 90C
Tb 25C 31C 36C 43C
DIC was used to obtain the deection of the sandwich beam specimens at the mid-
span and more importantly to quantitatively assess the 'wavy' deformation of the wrin-
kled face sheet. To form clear speckles on the specimen, a uniform and thin black layer
was rstly prepared on the specimen side surface and then discrete white particles were
sprayed on the black layer. During the loading process, images of the side surface of
the specimen were recorded using the 'LA Vision VC-Imager E-Lite 5M' camera, and
the corresponding load (P) was recorded synchronously. Deformation of the specimen
was calculated by performing image correlations between the recorded images using the
software Davis7.4. By this means, the load-deection curve to specimen failure was
obtained. In addition, to capture the occurrence of the predicted face sheet wrinkling,
images were also recorded at a frequency of 60 kHz using the PHOTRON FASTCAM
SA5 high-speed camera.
The experimental procedure can be summarised as follows:
1. The specimen was positioned on the four-point bending jig. The 'LA Vision VC-
Imager E-Lite 5M' camera was positioned and focused on the side surface of the
specimen. The imaging system was calibrated.
1202. Two foam shields were positioned at the side surfaces of the specimen to minimise
heat loss from the side surface.
3. The top face sheet was heated to a required temperature as listed in Table 2 and
held until an equilibrium state had been reached (this took about half an hour).
In this step, the specimen was allowed free thermal expansion.
4. The front foam shield was removed, and the bending load was applied by moving
the actuator in 1 mm/second until the specimen failed; this procedure only took
about 30 seconds and a linear temperature prole could be retained through the
core thickness. Images of the specimen side surface and corresponding load data
were recorded synchronously.
7.7 Results
All the specimens failed by a sudden collapse, where the core near the mid-span was
locally crushed with the face sheet folding into the core as shown in Figure 7.9(a).
The obtained load-deection curves are shown in Figure 7.9(b), in which the horizontal
axis represents the deection of the top face sheet at the mid-span and the vertical axis
represents the load P. The legend shows the top and bottom face sheet temperatures for
Figure 7.8: Experimental set-up
121Figure 7.9: (a) Final failure shape of the specimen, (b) load-deection curve of sandwich
beam specimen at dierent temperatures
Figure 7.10: Comparison between the predicted failure stresses and the experimental
results
122each test. It can be seen that the overall stiness reduces with increasing temperature.
This is as expected because the shear deection is larger at elevated temperatures due
to the reduction in the core shear modulus value. Similarly, the maximum load also
decreases with rising temperatures, and the reduction is very signicant from 70C to
90C. A comparison between the experimental and the expected failure stresses is shown
in Figure 7.10. The blue line represents the yield strength of the aluminium face sheet
obtained from Figure 7.3. The red line represents the critical wrinkling stress obtained
by the modication of Plantama's wrinkling analysis. It is important to notice that here
the magnitude of the critical wrinkling stresses at elevated temperatures are slightly
lower than that shown in Figure 7.4. The reason for this is that the critical wrinkling
stress shown in Figure 7.4 is obtained assuming that the bottom face sheet temperature
is 25C, but in the actual experiments the bottom face sheet temperatures were slightly
increased as shown in Table 7.1. In Figure 7.10, the predicted failure envelope is depicted
by the solid (blue and red) line, which is a combination of the face sheet yielding curve
and the critical wrinkling stress curve intersecting at around 58C. The experimental
failure stress values of the top face sheet stress agree very well with this trend as shown in
Figure 7.10. Here, two specimens were tested for each temperature, and the test results
showed a good repeatability as can be seen in Figure 7.10. The experimental failure
stress of the top face sheet was obtained from the maximum load of each load-deection
curve in Figure 7.9(b) using the modication of CSBT described in Chapter 5.
To further examine the occurrence of face sheet wrinkling for the specimen tested at
90C, high-speed imaging was used in an attempt to capture the face sheet wrinkling
wave. Images of the specimen deformation were recorded by a PHOTRON FASTCAM
SA5 camera at a high frequency of 60 kHz. One typical series of specimen images
recorded near the occurrence of face sheet wrinkling is shown in Figures 7.11 (a), (b)
and (c). Figure 7.11(a) is an image just before the occurrence of wrinkling. Figure
7.11(b) and (c) are the next two images captured at 17 s and 34 s, respectively, after
the rst image. The image in Figure 7.11(a) was used as the reference image for the
DIC. The z direction displacements at 17 s and 34 s are shown in Figure 7.12(a)
and Figure 7.12(b), respectively. A clear wavy deformation of the top face sheet is
seen. This wavy deformation is further illustrated in Figure 7.13, where the z direction
displacement along the top face sheet near the wrinkle is plotted. It is observed that,
at 17 s, the displacement of the top face sheet was in a very regularly sinusoidal
shape, which indicates that the face sheet was buckled and the deformation was still
in the material elastic region. However, at 34 s, the wavy deformation of the face
sheet became irregular, where the magnitude of the wave crest is much larger than the
wave trough. This is caused by the core crushing (see Figure 7.11(c)) at the wave crest
due to development of large compressive stresses. Meanwhile, debonding between the
top face sheet and the core was also observed at the wave trough which is likely to
be induced by the large peeling stresses present here. Figure 7.14 shows the variation
of the amplitude of the wavy deformation in the through thickness direction obtained
123Figure 7.11: Images of the specimen immediately before and after the onset of wrinkling
Figure 7.12: z direction displacement contour of the specimen at time 17 s and 34 s
124from Figure 7.12(a) (at time 17 s). It is seen that the variation of the amplitude is
fairly close to an exponential function, thus conrming that the baseline assumption
about the decay of the face deections through the core thickness adopted by Plantema
[10] is physically meaningful. Hence, the wavy deformation of the face sheet which
represents the occurrence of wrinkling was successfully observed using the high-speed
imaging combined with DIC. The wavy deformation triggered a very quick core crushing
(within tens of s) and this makes high-speed imaging essential and indeed necessary to
capture the wrinkling behaviour.
The face sheet wavy deformation was observed not only for the specimens tested at
90C, but also for the specimens tested at 25C, 50C and 70C. This seems to contradict
the prediction that the specimen should fail by face sheet yielding at temperatures lower
than 58C as shown in Figure 7.10. However, the specimen collapses observed at 25C
and 50C can still be explained by initiation of face sheet yielding despite of the observed
wavy deformations. The reason simply is that for the face sheet material (AA7075-T6)
signicant stiness reduction is encountered when yielding is initiated, and when it
happens wrinkling instability is provoked. To conrm this hypothesis, the x direction
compressive strain of the top face sheet just before the specimen collapse was obtained
using DIC on the images recorded by the high resolution camera. The x direction strain
of the top face sheet over the span L2 (see Figure 7.2) should be uniform according to the
sandwich beam theory. Accordingly, the compressive strain was obtained as the average
strain over a length of 50 mm near the mid-span. The stress value corresponding to
the measured (averaged) compressive strain was obtained from the tensile stress-strain
curves shown in Figure 7.3. The stress-strain states of the top face sheet of sandwich
beam specimens before collapse are depicted in Figure 7.15, where the stress-strain
curves of the face sheet at dierent temperatures are also plotted. For convenience,
here the compressive stress and strain values of the top face sheet were given positive
values instead of negative values as is usually done for compressive data. It can be
seen that for the sandwich beam specimen tested at 25C, the face sheet stress was
beyond the elastic limit before the specimen failed. This indicates that the specimen
failure was initiated by face sheet yielding followed by plastic instability. This can also
be conrmed from the load-deection curve shown in Figure 7.9(b), where a nonlinear
region exists before the specimen collapse which is due to the fact that face sheet yielding
results in a reduced overall bending stiness of the sandwich beam specimen. For the
sandwich beam specimens tested at 70C and 90C, Figure 7.15 shows that the face
sheet was still in a linear elastic condition prior to collapse. This proves that the face
sheet failed by elastic instability or wrinkling. For the sandwich beam specimens tested
at 50C, before the specimen collapse the face sheet may have started to yield but
with a small magnitude. This indicates that 50C is close to the temperature which
marks a transition of the critical failure mode from face sheet yielding to wrinkling. All
the specimen failure modes observed at dierent temperatures agree very well with the
predictions of the modied Plantema wrinkling analysis as shown in Figure 7.10. The
125Figure 7.13: z direction displacement of the top face sheet at time 17 s and 34 s
Figure 7.14: The variation of the amplitude of the wavy deformation through the core
thickness at time 17s
Figure 7.15: The stress-strain state of the face-sheet of sandwich beam specimens before
core collapse
126magnitude of the critical wrinkling stress obtained in the experiments is slightly lower
than the analytical predictions. A plausible explanation for this could be the inuence of
initial imperfections such as face sheet waviness [96] or bonding defects. In Figure 7.10,
the magnitude of the failure stress of the top face sheet by yielding is also slightly lower
than the actual material yield strength. The reason for this is that the yield strength was
obtained as the stress at the 0.2% plastic strain, where the tangent modulus is nearly
zero, and hence plastic instability must occur at a lower stress.
In addition, not only the critical wrinkling stress but also the wavelength of the
wrinkle is provided by the experimental technique, as can be seen from Figure 7.13. In
Figure 7.13, the measured wavelength is about 9 mm, while that obtained from the an-
alytical model is 12.5 mm (see Equation 7.9). Albeit the predicted and measured wave
lengths are comparable in magnitude, this is a rather large discrepancy, and much larger
than the discrepancies between the predicted and measured critical stress values which
are very close. The explanation is likely to be a combination of several factors including
the validity of the fundamental assumptions behind the Plantema's wrinkling analysis
which assumes a constant wave length and exponential decay response, the relatively
low image resolution, coupling between the wrinkling and plastic deformation, and -
nally probable material heterogeneousity in the both the length and through thickness
directions.
7.8 Conclusion
The inuence of elevated temperatures on the stability of foam cored sandwich struc-
tures has been studied analytically and experimentally. A new analytical model has
been proposed to calculate the critical wrinkling stress of sandwich structures when a
temperature gradient (thus a stiness gradient) exists through the core thickness. The
new model is based on Plantema's wrinkling model [10], but here the stiness varia-
tion in the transverse direction is considered, and a simple and easy to use formula has
been derived to calculate the critical wrinkling stress. This modication of Plantema's
wrinkling analysis agrees very well with corresponding FE modelling and experimental
results.
An experimental apparatus has been established enabling investigation of sandwich
beam specimens subjected to a simultaneous simply supported four-point bending load
and a linear temperature gradient through the thickness. High-speed imaging combined
with DIC has been demonstrated to provide a good approach to assess the occurrence
and rapid evolution of face sheet wrinkling. For the particular sandwich beam specimen
considered, it has been experimentally observed that the specimens failed by face sheet
yielding at room temperature and by wrinkling (instability) when the top face sheet is
heated to 70C or higher. This failure mode shift corresponds well with the predictions
by Frostig and Thomsen [14] and Birman [17].
To the authors' knowledge, the work in this chapter for the rst time experimentally
127demonstrates that an elevated temperature environment can promote an unstable fail-
ure mode in polymer foam cored sandwich structures at much smaller loads than that
predicted by material failure.
128Chapter 8
Conclusions
In this work, the inuence of elevated temperatures on the mechanical behaviour of
polymer foam cored sandwich structures has been studied. The motivation of the work
is to achieve an experimentally validated understanding of the thermomechanical inter-
action eects in the bending deformation, failure mechanisms and stability of sandwich
structures at elevated temperatures, and to develop accurate analytical and numerical
approaches that can be used in engineering analysis and design with condence. The
main body of the work is divided into 3 parts:
1. Development of a consistent methodology to accurately obtain the elastic proper-
ties of polymer foam materials at elevated temperatures
2. Investigation of the inuence of thermomechanical interaction eects in the bend-
ing behaviour of polymer foam cored sandwich beams
3. Investigation of the thermomechanical interaction eects in the inducement of
instability (localised buckling or wrinkling) of polymer foam cored sandwich beams
8.1 Thermal degradation of polymer foam materials
A methodology was proposed to characterise the elastic properties of polymer foam
materials at elevated temperatures using DIC. Dierent from previous studies, a detailed
coverage of the source of uncertainties in the experimental procedure was provided on the
specimen stress/strain state, amount of misalignment, inuence of the optical window
on image distortion and a proper subset size for image correlation. The test results
indicate a good repeatability of the proposed methodology. The main observations and
conclusions are as follows:
1. The recommended methodologies by ASTM standards for obtaining the tensile
and compressive properties of foam materials [82](type 'B'), [47] can introduce a
non-uniaxial stress/strain state in the specimen due to a practical limitation of
the specimen length. This non-uniaxial stress/strain state can be compensated
129by FE analysis. The lap-shear test rig can produce approximately pure shear
deformation.
2. The Young's modulus and shear modulus of Divinycell PVC H100 was found to
follow the same thermal degradation path. The moduli decrease approximately
linearly with temperature from room temperature to 70C, then signicant degra-
dation occurs. More than half of the stiness is lost at 90C in comparison to
the value at room temperature. The Poisson's ratio is negligibly aected by the
temperature.
3. The thermal degradation of polymer foam materials was found dependent only on
the base polymer, but independent of the cell structure or the deformation type.
A master curve in the expression of a 3-order polynomial has been derived to
describe the temperature dependence behaviour of Divinycell H100 - H200 PVC
foams. The master curve agrees well with that obtained by using the modied
Arcan rig as another part of the research collaboration (see Figure 1.1).
8.2 The inuence of elevated temperatures on the bending
behaviour of sandwich beams
The bending behaviour of sandwich beams exposed to a through thickness temperature
gradient (thus a core stiness and strength gradient) was investigated. A modication
of the CSBT (classical sandwich beam theory) has been proposed to predict the elastic
stress/strain distribution, elastic load-deection response and the failure mechanism with
respect to the core shear yielding and face sheet yielding. This new analytical model is
much simpler to implement than the HSAPT model [14]. An experimental methodology
has been developed that allows sandwich beams subjected to simultaneous bending load
and a well dened thermal eld (homogeneous in length and width directions and with
a linear gradient through the thickness). Very good agreement has been shown between
the modied CSBT and experiments. It was demonstrated that:
1. The stress/strain state of the face sheet and the exure rigidity of sandwich beams
are practically not aected by elevated temperatures such as 50 - 90C.
2. The core shear stress remains approximately uniform through the core thickness
regardless of the core stiness variation in the thickness direction.
3. The core shear strain could be highly nonuniform dependent on the through thick-
ness temperature gradient or core shear modulus. Consequently, the beam section
plane is no longer at after deformation.
4. The shear rigidity is not the just integration of the shear modulus over the cross
section, but in a more complex formulation as shown in Equation 5.7. The shear
deection of the sandwich beam specimen can be accurately predicted using the
130rst order shear deformation theory with the newly derived shear rigidity. At
elevated temperatures, larger shear deection was resulted due to the loss of core
shear modulus.
5. The core shear yielding starts at the position with the highest temperature over
the beam cross section. The core shear initiation load decreases with the increasing
temperature due to the loss of the core shear yield strength. The failure load by face
sheet yielding is suggested not practically aected by the elevated temperatures
such as 50 - 90C.
8.3 The inuence of elevated temperatures on the stability
of foam cored sandwich beams
The inuence of elevated temperatures on the stability of polymer foam cored sand-
wich structures has been studied experimentally using both three-point bending and
four-point bending loading congurations. High-speed imaging combined with DIC was
used to capture the onset of wrinkling. A modied Plantema's wrinkling analysis was
proposed to calculate the critical wrinkling stress of sandwich beams with varying core
stiness in the through thickness direction. It was demonstrated that:
1. The typical three-point bending conguration with concentrated transverse load
tends to trigger localised indentation due to the material plasticity rather than the
elastic instability in the form of localised buckling of the face sheet as predicted
in [14]. However, particular attention needs to be paid on the elastic instability if
the sandwich beam specimen has a very large length to thickness aspect ratio.
2. By using a four-point bending conguration with distributed pressure load, the
wrinkling of sandwich beam specimens at elevated temperatures was provoked.
Only one wrinkle was observed using high-speed imaging and DIC. The wrinkle
triggers the core and face sheet yielding and following that total collapse of the
sandwich beam in tens of s.
3. A modied Plantema's wrinkling analysis was proposed to predict the critical
wrinkling stress of polymer foam cored sandwich beams with a through thickness
temperature gradient or varying core stiness. This analytical model agrees well
with the experimental results and is also simple to implement.
4. For the particular sandwich beam specimen, the failure mode shifts from face sheet
yielding to wrinkling at 58C. The failure load by wrinkling at 90C is about 30%
less than the failure load by face sheet yielding at room temperature.
The work described in this thesis has thereby demonstrated that elevated temper-
atures in the range of 50 - 90C exert a signicant inuence on polymer foam cored
sandwich structures with respect to their overall bending stiness, failure mechanisms
131and load capacity. Experiments have been conducted on sandwich beam specimens
subjected to a bending load and a through thickness temperature gradient. Two new
analytical models were developed to predict the mechanical behaviour of sandwich beams
subjected to a bending load and a simultaneous through thickness temperature gradient.
By the newly developed analytical models, the face sheet and core stress/strain states,
bending and shear deections, failure initiation loads by core shear yielding, face sheet
yielding and wrinkling can be predicted conveniently. The new analytical models have
been proven agreeing well with the experiments. Particularly, this study conrms the
prediction that an elevated temperature can shift the failure mode of sandwich structures
from material failure (yielding or brittle failure) to instability. The study thereby repre-
sents a signicant step towards the understanding of the thermomechanical interaction
eects in polymer foam cored sandwich structures and the development of guidelines for
the design of sandwich structures exposed to elevated temperatures.
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Recommendations for future work
The outcomes of the work in this thesis highlight the importance of the consideration
of the thermomechanical interaction eects in polymer foam cored sandwich structures.
To achieve a more integral understanding on this subject, future work are recommended
as described briey below.
In addition to the failure modes such as the core shear yielding, face sheet yield-
ing/fracture and wrinkling, indentation is another main failure mode of sandwich struc-
tures. Figure 6.5 clearly shows that failure load by indentation is also aected by elevated
temperatures. The failure load for the specimen tested at 90C is about 20% less than
that tested at 25C. This amount of reduction is much less than the reduction of the
foam compressive strength (see Figure 5.2) and the failure load by core shear yield-
ing (see Figure 5.14). This indicates that the through thickness temperature gradient
may also aect the stress distribution in the core near the transverse concentrated load.
Analytical models may be developed to predict the indentation behaviour of sandwich
structures based on the wrinkler model or two-parameter foundation model [1] but tak-
ing account of the through thickness variation of the core stiness and strength. The
potential analytical models can be conveniently validated using DIC which provides rich
information on the core deformation near the indentation zone.
Chapter 5 has shown that the core shear yielding failure begins at the positions with
the highest temperature over the cross section. However, for the specimen tested at
90C, although the core shear yielding has initiated in the foam region adjacent to the
top interface, the global load-deection still displays linear behaviour. This indicates
that the core shear yielding in a small region has little inuence on the capability of
the sandwich beam to withstand further loading. However, this small amount of plastic
yielding may signicantly deteriorate the fatigue strength and the interfacial bonding
toughness. From a viewpoint of damage tolerance, it would be useful to provide an
approach to quantify the small amount of core shear yielding and its inuence on the
fatigue and debonding behaviours.
Chapter 7 demonstrated the use of high-speed imaging and DIC on the characteri-
sation of the occurrence and evolution of wrinkling. The wavy deformation of face sheet
representing instability was clearly observed. As the face sheet considered in this study
133is a highly ductile aluminium alloy, a wavy deformation of the face sheet was observed
even though the actual failure was initiated by the face sheet yielding. For sandwich
structures with brittle face sheets such as GFRP and CFRP, if the compressive stress
exceeds the fracture strength sudden fracture of the face sheet would occur without
exhibiting any wavy deformation. The progression of the wrinkling of brittle face sheet
may be also dierent from that with the ductile face sheet. The high-speed imaging
combined with DIC provides a good method to experimentally assess the face sheet
yielding and wrinkling of sandwich beams with FRP face sheets.
Finally, it should be emphasized that the study in this thesis provides an improved
understanding of the thermomechancial interaction eects but only for sandwich beams
subjected to static loadings. The thermomechanical interaction eects due to cyclic
and dynamic mechanical and thermal loadings present a more complex challenge, and
there is a clear need to investigate the fatigue behaviour of polymer foam cored sandwich
structures exposed to both mechanical load cycles and temperature cycles. For sandwich
structures with thermal expansion constraints, it would be also important to investigate
premature damages resulting from thermal cycling alone.
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